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DEFINITIONS 
a,b,c unit cell edges in direct space 
*,b,o unit cell edge vectors parallel to the X, 
y and Z axes of a right-handed coordinate 
system 
a,0,T angles between pairs of unit cell edges 
be, ac and ab, respectively 
x,y,z fractional coordinates for atomic positions 
r direct space vector; r = xm + yb + zo 
yO(r) electron density of a unit cell 
a*,b*,c* unit cell edges in reciprocal space 
a*,b*,o* reciprocal unit cell vectors associated with 
the X, Y and Z axes of a right-handed 
coordinate system 
h reciprocal space vector; h = ha* + kb* + lo* 
F(h) structure factor for the hth reciprocal 
space vector referred one unit cell 
F*(h) the conjugate vector of F(h) 
F or I'(h)I amplitude of a structure factor F(ta) 
f atomic scattering factor 
vi 
ABBREVIATIONS 
AMP adenos ine-5'-monophosphate 
ADP adenos ine-5'-diphosphate 
ATP adenos ine-5'-triphosphate 
AMNSA 3-acetoxymercury-5-nitro-salicylaldehyde 
CNNSA 3-chloromercury-5-nitro-salicylaldehyde 
CDF cytosine-5'-diphosphate 
CTP cytosine-5'-triphosphate 
DEAE diethylaminoethyl 
EDTA ethylenediaminetetraacetic acid 
en ethylenediamine 
GMP guanos ine-5'-monophosphate 
GDP guanosine-5'-diphosphate 
OTP guanosine-5'-triphosphate 
HEPES N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid 
HPLC high performance liquid chromatography 
IMP inosine-5'-monophosphate 
KPi potassium phosphate 
MMSU methylmercury-2-mercaptosuccinate 
ODggg optical density at 595 nm 
PLP pyridoxal-5'-phosphate 
PRPP 5-phospho-a-D-ribosyl-l-pyrophosphate 
Tris tris(hydroxymethyl)aminomethane 
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INTRODUCTION 
The biosynthesis of nucleotides is a vital process for all 
cells, since cells are unable to take up nucleotides from 
their surroundings. In particular, ATP and GTP, purine 
nucleotides, are the major substances used by all living 
organisms for the transfer of chemical energy and the 
synthesis of nucleic acids. Purine biosynthesis dfi novo 
consists of 12 steps that perform the conversion of PRPP to 
AMP or 6MP, of which the latter two only need to be converted 
to their metabolically active diphosphate and triphosphate 
forms by phosphorylation. 
Adenylosuccinate synthetase, the first enzyme in the two-
step pathway from IMP to AMP, catalyzes the formation of 
adenylosuccinate from aspartate and IMP while converting GTP 
to GDP and inorganic phosphate (Pi). Adenylosuccinate formed 
by the enzyme is then cleaved by adenylosuccinate lyase to 
form AMP (Figure 1). 
Adenylosuccinate synthetase has a wide distribution, being 
found in microorganisms as well as in plants and a variety of 
animal tissues. It has been extensively characterized from 
various sources, including Escherichia coli (£j. colli (Stayton 
et al., 1983). Although the enzyme from £Lt. coll was first 
purified to homogeneity in 1976 (Stayton and Fromm, 1976), 
crystallization of the enzyme became a possibility largely 
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Figure 1. Conversion of IMP to AMP and GMP. Taken from 
Zubay (1988) 
3 
because of the availability of a genetically engineered strain 
of £ul coll which produces the protein at approximately 40 to 
80 times the wild-type level (Bass et al., 1987). 
The amino acid sequence was determined from the DNA 
sequence (Wolfe and Smith, 1988). It is now well established 
that adenylosuccinate synthetase in sali is a dimer with a 
subunit molecular weight of 48,000, containing 431 amino acid 
residues. Serra (1990) recently determined the protein 
structure at 5 A resolution. The low resolution structure 
revealed the overall shape of the dimer, as well as the inter-
subunit two-fold symmetry within the dimer. 
On the basis of available sequence information and 2.8 A 
resolution data, this dissertation describes the present 
interpretation of the polypeptide conformation of 
adenylosuccinate synthetase from fL. coli. as well as the 
possible locations of the substrate binding sites. 
Mechanism of Action 
The binding of the substrates to adenylosuccinate 
synthetase is random sequential (Cooper et al., 1986) with a 
preference for the binding of IMP and 6TP prior to aspartate. 
However, the nature of the intermediates formed during the 
reaction is still a subject of controversy. Thus far, there 
have been three mechanisms proposed for the enzyme reaction 
î 
(a) 
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Figure 2. Three mechanisms proposed for the adenylosuccinate 
synthetase reaction. Taken from Bass et al., 1984 
(Figure 2). 
In the earliest mechanism (a), suggested by Lleberman 
(1956) and Fronm (1958), a 6-phosphoryl-IMP intermediate is 
formed by phosphorylation with 6TP at the 6-oxo position of 
IMP, after which a nucleophillc attack by the aspartate 
nitrogen on the C-6 of 6-phosphoryl-IMP eliminates Inorganic 
phosphate. The second mechanism (b), proposed by Miller and 
Buchanan (1962), regards the reaction as a one-step concerted 
reaction in which all three substrates participate 
simultaneously. The third mechanism (c) suggests that 
aspartate instead of 6TP first attacks the C-6 of IMP to 
produce an intermediate, which is then phosphorylated by GTP 
and converted into products (Markham and Reed, 1978). Recent 
experimental results from isotope exchange studies (Bass et 
al., 1984; Cooper et al., 1986) now support the first 
mechanism, describing that the quaternary complex is formed by 
aspartate binding to the E-IMP-GTP complex and that the 
binding of aspartate, adenylosuccinate, GDP, and Pi is in 
rapid equilibrium while the binding of IMP and GTP is in 
steady state. 
Ligand-Protein Interactions 
Adenylosuccinate synthetase in Et fiSll is inhibited by 
AMP, the end product of the pathway (Wyngaarden and Greenland, 
1963). The enzyme also is inhibited by GDP (Ki"12pM) and 
adenylosuccinate (Ki-S/iN) (Stayton et al., 1983). 
Another known metabolic regulator of the synthetase is 
guanosine-5'-diphosphate-3'-diphosphate (ppGpp). It is 
involved in the stringent response caused by the loss of 
essential amino acids in £Ls. coli growth medium (Edlin and 
Broda, 1968). ppGpp is reported to inhibit the enzyme 
(Ki-50pM), competitive with OTP (Stayton and Fromm, 1979). 
Substrates and their associated competitive inhibitors are 
shown in Figure 3. 
The enzyme requires a divalent cation for activity. Mg^^ 
is best, but other divalent cations such as Mn^*** and Ca^* can 
substitute with decreased activity (Stayton et al., 1983). 
However, low concentrations of Hg^^ from a wide variety of 
mercurials inactivated the enzyme (Huirhead and Bishop, 1974; 
Serra, 1990). Inhibition with Pi was studied to show that at 
least 10 mN Pi was required for significant inhibition 
(Stayton et al., 1983). 
On the basis of its reactivity toward PLP, Dong and Fromm 
(1990) identified Lys^^^ of adenylosuccinate synthetase as a 
residue directly associated with the enzyme activity. Rapid 
loss of enzyme activity occurred at a low concentration of 
PLP. However, the rate of inactivation decreased as the 
concentration of OTP increased, and complete protection was 
observed at 100 times the Km for OTP. IMP and aspartate did 
_ HN ào JÙ:} OOC-C-CHjCOO 
H ï ' I 
ribose-S'-P ribose-5'-PPP 
L-aspaitat* (3S0UM) IMP(20uM) GTP(IOuM) 
00C-CHa-CH2-C00 
-OOCCH2CHCOO" 
j-
•QO HgN HN^ 
!iboso-3'-PP-5*-PP 
ribose-S'-P 
Succinate (7.5 mM) Adenylosuccinate (SuM) ppGpp(50uM) 
'&} -A 
libose-S'-P 
CHgOP 
AMP(300uM) PLP (12 uM) 
Figure 3. Substrates and substrate analogs of adenylo­
succinate synthetase. The value in parentheses 
is Km or Ki 
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not provide any protection against PLP inactivation, even at 
high concentrations of these reactants. Peptide mapping of 
tryptic digests followed by sequencing revealed that the 
lysine protected by 6TP was Lys^^^. Furthermore, when Lys^^° 
was replaced with Ile^^O by site-directed mutagenesis, the 
mutant synthetase had no activity. 
From the 5 À resolution map (Serra, 1990), it was found 
that each monomer within the dimer of the synthetase appears 
to consist of a large and a small domain and a crevice is 
created by the interface of the small and the large domains. 
Interestingly, the mercury of Hgl^^' binds near this crevice. 
Recent chemical modification studies (Dong et al., 1990) 
revealed that among 4 cysteine residues per monomer, Cys^^^ is 
easily modified by 5,5'-dithiobis(2-nitro-benzoic acid) 
(DTNB), Cys^^^ is modified only in the presence of 3.5M urea 
and the remaining two cysteine residues react with DTNB only 
in the presence of BM urea. 
Crystalline protein-ligand interaction studies were also 
undertaken (Serra, 1990). Crystals of three distinct forms, 
P2i, P2i2i2i and P3^21/P3221, of adenylosuccinate synthetase 
were grown using hanging drop methods (McPherson, 1982). The 
diffusion of ligands into protein crystals showed that GDP and 
GMP caused rapid and severe cracking of crystals. The 
crystals slowly dissolved in the presence of IMP, whereas 
pitting of crystals occurred when exposed to adenylosuccinate. 
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Aspartate and its analogs had no deleterious effect on 
crystals. The results, above, infer that guanine nucleotides, 
along with IMP and its analogs, induce conformational changes 
in the enzyme which, in turn, lead to severe cracking or 
dissolution of the crystals. Thus far, due to its rapid and 
reproducible growth, the P2]^ crystal form of the synthetase 
has been pursued for a structural determination. However, 
information regarding protein-ligand interactions will be 
gotten primarily from the PS^Zl crystal form, which is grown 
in the presence of all three substrates. 
Structural Homology 
The G-proteins are a family of guanine nucleotide-binding 
proteins that serve as membrane-bound transducers of 
chemically and physically coded information (Gilman, 1987). 
The family includes polypeptide elongation factors (EF-Tu), 
tubulins of microtubules, transducins in retinal rod outer 
segment, receptor proteins of eukaryotic adenylate cyclase, 
and human bladder protein, p21, and its oncogenic variants 
such as ras p21 proteins. They have some characteristics in 
common and are typically activated by the binding of GTP. 
Hydrolysis of GTP to GDP and inorganic phosphate (Pi) results 
in deactivation of G-proteins. The dissociation of GDP is 
probably the rate-limiting step of a complete cycle of 
10 
activation and deactivation. Leberman and Egner (1984) found 
a marked homology among 6-proteins and a striking homology 
even with adenine nucleotide-binding proteins such as 
adenylate kinase, fi subunit of ATPase and phosphofnictokinase. 
Given that adenylosuccinate synthetase is a guanine 
nucleotide-binding protein, that its sequence is available, 
and that the structures of two G-proteins, EF-Tu (Jumak, 
1985) and ras p21 (Tong et al., 1989), have been determined, 
one is led naturally to a search for sequence similarities 
between the synthetase and other guanine nucleotide-binding 
proteins. Serra (1990) found, however, little homology 
between adenylosuccinate synthetase and other GTP binding 
proteins. 
Regulation 
The reaction of adenylosuccinate synthetase resembles the 
formation of 5'-phosphoribosyl-4-(N-succinocarboxamide)-5-
aminoimidazole from 5'-phosphoribosyl-5-aminoimidazole-4-
carboxylate, the seventh step in the synthesis of IMP from 
PRPP (Figure 4). Aspartate forms an amide with the 4-carboxyl 
group and the succinocarboxamide formed is then cleaved in the 
next step by adenylosuccinate lyase which also catalyzes the 
conversion of adenylosuccinate to AMP (Figure 1). One major 
difference between two reactions, however, is that the latter 
I 
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NH-COr\ 
COO- I 
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Figure 4. The conversion of 5'-phosphorlbosyl-5-
aininoinldazole-4-carboxylate to 5 ' -phosphoribosyl-
4-carboxamide-5-aminotmidazole. Taken from Zubay 
(1988) 
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reaction is coupled with 6TP hydrolysis, whereas the former 
with ATP hydrolysis. 
As shown in Figure 5, 6TP and ATP are required for ATP 
synthesis and 6TP synthesis, respectively. Given the 
potential for feedback inhibition at those branch points 
indicated in Figure 5, it may have been inevitable that nature 
chose GTP hydrolysis instead of ATP hydrolysis as a coupling 
reaction for the synthetase. However, there have been some 
reports showing that ATP concentration probably regulates the 
level of gene transcription coding for the synthetase in 
prokaryotes (Stayton et al., 1983) and that the balance 
between GTP and ATP levels in cells does not play a major 
inhibited 
by AMP 
IM: 
> GTP 
> ATP 
inhibited 
by GMP 
Figure 5. Part of purine biosynthesis regulation. Curved 
lines represent stimulation 
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regulatory role in eukaryotes (Henderson, 1978). Furthermore, 
ATP had little effect on adenylosuccinate synthetase reaction 
in crude preparations of the enzyme (Wyngaarden and Greenland, 
1963). 
Present Study 
Adenylosuccinate synthetase has been well characterized 
(Stayton et al., 1983) and crystallized from for 
diffraction studies (Serra et al., 1988). A low resolution 
structure of the synthetase (Serra, 1990) and its amino acid 
sequence (Wolfe and Smith, 1988) are available. 
The X-ray analysis has now attained a resolution of 3.7 A. 
A combination of 3.7 A X-ray data and the amino acid secpience 
has resulted in a tentative description of the chain-folding 
of the synthetase from £Lt. coli« Secondary structures and the 
tentative binding sites of mononucleotides, as well as 
succinate, are provided here. 
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METHODS AND RESULTS 
Enzyme Purification 
Adenylosuccinate synthetase was purified to homogeneity 
from £Li. coll using a minor modification of a previously 
published procedure (Bass et al., 1987). The minor change 
included disruption of cells by use of a French press instead 
of a lysozyme treatment and a slight modification of buffer 
contents. The following procedure was carried out at 4 °C, 
unless otherwise stated. 
growth Ç9ll9 and extraction 
The culture medium containing 750 ml of LB broth^ plus 
0.57 ml of chloramphenicol solution (from 34 mg/ml stock 
solution in 100 % ethanol) was Inoculated with 0.4 ml of an 
overnight culture^. The inoculated culture was grown at 
28 °c with vigorous shaking until it reached 0.1 ODggg 
(approximately 3.5 h). Then the temperature was Increased to 
42 °C and the cells were incubated for 1.5 h more, after which 
10 ml of 25 % glucose were added and the culture grown for an 
additional 1.5 h. The medium was placed on ice and the cells 
^LB broth consists of Tryptone 5 g, yeast extract 2.5 g, 
NaCl 5 g, and thymine 0.025 g (pH 7.5) in 500 ml water. 
^Overnight culture was prepared by inoculating a solution 
of 10 ml LB broth containing 7.6 Ml of a chloramphenicol 
solution (34 mg/ml in 100 % ethanol). The culture was incubated 
at 28 °C with vigorous shaking for approximately 12 hours. 
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were harvested by centrifugation at 9000 g for 10 min. The 
cells from 6 liters of the culture were resuspended in 160 to 
180 ml of 5 mM potassium phosphate (KPi) (pH 7.0). After 
adding 15 Ml of 0.25 M phenylmethylsulfonyl fluoride (PMSF) in 
95 % ethanol in order to inactivate serine proteinases, a 
French press at 16,000 to 18,000 psi was used to disrupt the 
cells. Centrifugation at 12,000 g for 45 min pelleted cellular 
debris and the supernatant was saved for the steps below. 
Ammgnima sulfate frastionation 
To the supernatant was added with stirring a solution of 
11 % streptomycin sulfate (10 ml/100 ml of supernatant). 
Significant precipitation resulted. After centrifugation at 
12,000 g for 15 min, the supernatant fluid was pooled and 30 g 
of solid ammonium sulfate per 100 ml were added slowly with 
stirring for 30 min. The precipitate was discarded by 
centrifugation at 12,000 g for 15 min. To the supernatant an 
additional 10 g of ammonium sulfate were added per 100 ml of 
the initial supernatant volume, again slowly with stirring 
over a period of 30 min. The precipitate was collected after 
centrifugation at 12,000 g for 15 min. It was dissolved in 50 
mM KPi buffer (pH 7.0) containing 1 mM EDTA and 0.1 % fi-
mercaptoethanol, and dialyzed with three buffer changes 
against 2 liters of the same buffer overnight. 
Chromatography on a DEAE HPLC column 
The. dialyzed protein was filtered with Millex-GV 0.22 fim 
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membrane from Mllllpore and injected onto a 21.5 x 150 mm 
Spherogel-TSK DEAE 5PW HPLC column at room temperature. The 
maximum capacity of the column was 160 mg of total proteins. 
Solvents used were (A) 10 mM Tris (pH 7.0) and (B) 10 mM Tris 
(pH 7.0) plus 1 M NaCl. The enzyme was eluted by a series of 
linear gradients: 5 min wash with 0 % B, 5 min gradient to 15 
% B, 40 min gradient to 31 % B, 15 min gradient to 100 % B, 15 
min wash at 100 % B, and 20 min gradient back to 0 % B. The 
column was then washed for 80 min before another injection was 
made. Three runs were needed in order to process the protein 
from 6 liters of culture medium. One-milliliter fractions 
were collected on ice from approximately 79 to 85 min after 
the start of the gradient. The pooled fractions of 20 to 25 
ml were dialyzed against 1 liter of 150 mM KPi buffer (pH 7.0) 
containing 1 mM EDTA and 0.1 % /9-mercaptoethanol. 
Chromatography on a hydrophobic column 
Final purification was achieved by applying the dialyzed 
enzyme to a 1.5 x 40 cm phenyl sepharose CL-4B column, 
equilibrated in 150 mM KPi buffer above. The enzyme was 
eluted from the column by a 500 ml linear gradient from 150 mM 
to 0 mM KPi buffer. Fractions with the highest specific 
activity were pooled and concentrated to approximately 25 
mg/ml by using a CF-25 Centriflo ultrafiltration apparatus 
from Amicon. 
The concentration of adenylosuccinate synthetase was 
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determined spectrophotometrically at room temperature with the 
Bio-Rad protein assay (Bradford, 1976). The activity of the 
enzyme was also measured spectrophotometrically at room 
temperature in 20 mM HEPES (pH 7.7), 1 mN MgCl2, 5 mM L-
aspartate, 150 nH IMP, and 60 fM GTP (Rudolph, 1971). The 
activity was assayed by measuring absorbance changes at 280 nm 
for the conversion of IMP to adenylosuccinate using the 
extinction coefficient, ggso mg/ml), of 0.755, for pure 
adenylosuccinate synthetase from sail (Rudolph, 1971). 
For crystallization, the concentrated enzyme 
(approximately 25 mg/ml) was dialyzed against a solution (pH 
7.7) which consisted of 20 mM imidazole, 75 mM succinate and 
/9-mercaptoethanol (70 Ml/1) (Serra et al., 1988). 
Crystallization and Heavy Atom 
Derivative Preparation 
Crygtallization 
Three different crystal forms of adenylosuccinate 
synthetase from E*. coll were grown using the method of hanging 
drops (McPherson, 1982). The crystal forms belonged to the 
space groups P2i, P2i2i2i and P3u^21/P3221. As a consequence 
of its rapid and reproducible growth and its diffraction to 
high resolution, a structure investigation of the P2]^ crystal 
form of the enzyme has been pursued. ^2^^ crystals grew at 
18 
room temperature in a 10 fil droplet containing equal parts of 
a precipitating solution and a protein solution. The protein 
solution contained 20 mM imidazole, 75 mM succinate (pH 7.7), 
#-mercaptoethanol (70 pl/1), and approximately 25 mg/ml of 
protein. The precipitant had 26.5 % (w/w) polyethylene glycol 
(PEG) 3350 in 100 mM imidazole (pH 6.6). Crystallization 
droplets produced single crystals within two weeks of typical 
size, 1.0 X 0.5 x 0.2 mm. Three zero-level precession 
photographs supported the existence of a single two-fold screw 
axis and led to the assignment of this crystal to the 
monoclinic space group P2i, with unit cell parameters a = 
73.26 A, b - 72.18 A, c - 82.85 A, and 0 - 108.17 
Heavy atom derivative preparation 
The search for heavy atom derivatives was conducted by 
soaking native crystals in a stabilization buffer of 100 mM 
imidazole (pH 7.0), 20 % PEG (w/w) and 2-methyl-2,4-
pentanediol (HPD) in a 95:5 (v/v) ratio, plus various 
concentrations of heavy atom reagents. Previous work 
demonstrated that no difference in diffraction patterns were 
seen between crystals mounted with the imidazole-HCl buffer 
and those mounted with the imidazole-acetate buffer (Serra, 
1990). Some heavy atom compounds interacted with CI" anion in 
the stabilization buffer, and, in those cases, we shifted the 
buffer system from imidazole-HCl to imidazole-acetate. 
Although there was an indication that measured intensities 
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from crystals exposed to imidazole and HEPES could be 
different, some compounds like AgNOg were tried in the HEPES 
buffer as a part of a desperate effort to find heavy atom 
derivatives. 
The search for heavy atom derivatives followed three lines 
of investigation. First of all, bromide and iodide forms of 
various heavy atom reagents were screened after the success of 
K2HgI^ as a derivative (Serra, 1990) (Figure 6). Secondly, we 
synthesized some compounds such as 3-chloromercury-5-nitro-
salicylaldehyde (CMNSA) and 3-acetoxymercury-5-nitro-
salicylaldehyde (AMNSA) (Figure 7), as analogs of PLP, which 
was known to bind to Lys^^O (Dong and Fromm, 1990). The 
synthesis of the mercurials named above was similar to those 
published by McMurray and Trentham (1969). In addition, 
methylmercury-2-mercaptosuccinate (MMSU), made from 
methylmercury chloride and 2-mercaptosuccinate, was used as a 
potential analog of aspartate. Thirdly, several heavy atom 
reagents caused color formation in crystals of the synthetase, 
indicating the likelihood of metal complexation to the 
protein. We did a thorough survey of these compounds under a 
variety of conditions. 
The results of heavy atom derivative screening are listed 
in Table 1. Platinum-soaked crystals showed uniformly 
weakened intensities, but otherwise no changes in the 
diffraction pattern which would have indicated a suitable 
T:. Ai 
^**•0*»^ ' Tt-j*-». •» f «<,W, ft'#'#» V *• •* , * -nkSfc ||f> »' 40 
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Figure 7. Structures of PLP, CMNSA and AMNSA 
heavy atom derivative. Since both K2PtIg and KAuBr^ have a 
very low solubility in the stabilization buffer, saturated 
solutions of these reagents were used. Due to its interaction 
with imidazole, as described earlier, 1.25 mM Pt(en)Cl2^ was 
tried in HEPES buffer. Among those compounds which caused 
coloration of the protein crystals, 1 mM K^OsClg gave some 
changes, but only in some low resolution intensities. 
Differences in diffraction intensities occurred after crystals 
had been exposed to 9 mM K2PdCl^, but these differences were 
not reproducible. Changes were also seen in the diffraction 
pattern upon soaking with 2.5 mM MMSU. However, the aromatic 
mercurials screened did not induce any changes in the 
^Platinum (ethylenediamine)dichloride. 
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Table 1. Heavy atom soaks of crystals 
Heavy Atoms Concentrations* Length of Soak^ Results 
Platinum 
KjPtClg 
KgPt^CN)* 
KjPtBr^ 
KjPtBrg 
KzPtlfi 
Pt(en)Cl2 
Mercurials 
CMNSA 
AMNSA 
MMSU 
2 mN 
5 mM 
2 mM 
2 ittM 
saturated 
1.25 mM 
in HEPES° 
saturated 
saturated 
2.5 mM 
8 days 
2 weeks 
4 days 
2 days 
1 week 
1 day 
2 days 
2 days 
1.5 days 
No change 
No change 
No change 
No change 
No change 
No diffraction 
Yellow color^ 
but no change 
Yellow color* 
but no change 
Change 
^Concentrations indicated are the lowest among various 
trials. Cracking caused by higher concentrations of some 
heavy atoms are therefore not reported here. 
^Time of soak represents the longest time before complete 
loss of diffraction occurs. 
^Stabilization buffer had HEPES in place of imidazole in 
order to avoid the interaction of the heavy atom compound with 
the original buffer. 
^Crystals turned yellow. 
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Table 1. (Continued) 
Heavy Atoms Concentrations* Length of Soak^ Results 
Othere 
KAU(CN)2 5 mM 2 weeks No change 
KAuBr* saturated 2 weeks No change 
AgNOg 1.25 mM 4 weeks No change 
in Im-acetate® 
KjIrClg 5 mM 10 days No change 
IrClj 1 mM 5 days No change 
K2PdCl4 9 mM 3 weeks No change 
KgOsClg 1 mM 4 days Brown color^ 
Slight Change 
^Stabilization buffer contained imidazole-acetate instead 
of imidazole-chloride due to the interaction of the heavy atom 
with CI". 
^Crystals turned brown. 
diffraction pattern even though the crystals turned yellow. 
However, soaking with MMSU for more than 1.5 days caused a 
progressive cracking of crystals, as well as the rapid 
weakening of intensities both at low and high resolutions. 
The interaction of aromatic mercurials, CMNSA and AMNSA, 
with P22 crystals was thought to be evident from the distinct 
color of the crystals. The lack of changes in the diffraction 
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pattern of these derivatlzed crystals could result from the 
absence of the phosphate group which would presumably anchor 
the reagent in a specific manner to the protein. No 
indication of differences in the pattern was seen with gold 
compounds and with iridium compounds. Even though used with a 
buffer of imidazole-acetate, 1.25 mM AgNOg showed no apparent 
changes in X-ray diffraction intensities even after a month. 
On the basis of these preliminary results, MMSU and KgOsClg 
derivatives were subjects of further study. 
Llaand binding experiments 
In addition to efforts to screen for heavy atom 
derivatives, protein crystals were soaked with a number of 
ligands (particularly with 6TP analogs) in order to obtain 
protein-ligand complexes. Soaking (or stabilization) 
solutions were prepared as described in the heavy atom 
derivative studies, replacing heavy atom compounds with ligand 
reagents. We started with PLP which was reported to bind to 
Lysl40 by Dong and Fromm (1990). However, high concentrations 
of PLP cracked crystals. 1.25 mM PLP with overnight soaking 
was later found to be an appropriate condition for ligand 
binding to crystals. Crystals of the synthetase turned bright 
yellow overnight, soaking being done in the dark, as PLP was 
light-sensltve. We noticed that the color of soaked crystals 
disappeared after data collection, probably due to the 
oxidation of the Schlff's base. 
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Table 2. A summary of the conditions for derivative crystals 
Heavy Atoms Concentrations Length of Soak Remarks 
MMSU 
KgOSClg 
PLP 
Pi 
2.5 mM 
1 mM 
0.6 mM 
10 mM 
1.5 days 
4 days 
15 hours 
23 hours 
In the dark 
Diffusion of phosphate into crystals of aspartate 
carbamoyltransferase induced a positive difference density in 
the binding site for carbamoyl phosphate (Honzatko and 
Lipscomb, 1982a). Crystals of adenylosuccinate synthetase, 
however, were cracked when exposed to more than 10 mM 
phosphate. Hence, overnight soaking with 10 mM phosphate was 
adopted for the ligand binding experiments. 
On the basis of the preliminary screening above, several 
ligand-bound and heavy atom-bound derivative crystals were 
subjected to data collection at 5 A resolution. The final 
conditions used for derivatization of crystals are summarized 
in Table 2. 
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Data Collection and Reduction 
Low resolution data 
Data were collected on a four-circle, single-counter 
diffractometer interfaced with Krisel Control Computer System. 
A fine focus X-ray tube with a copper anode powered at 40 kV 
and 30 mA was the source for X-rays. Monochromatization of 
the X-ray beam was accomplished by means of a nickel 
absorption filter. The incident beam was also collimated by 
two 0.8 mm pin holes separated a distance of 12 cm. A helium 
path between the crystal and the detector was used to reduce 
the absorption and the scattering of X-rays by the air. 
Diffracted radiation was monitored by a Nal scintillation 
detector. 
Four data sets were collected, two heavy atom derivatives 
and two ligand-crystal complexes. All intensity data were 
collected at room temperature. PLP-derivative crystals were 
kept in the dark during data collection. 
Since we knew the relationship between the morphology of 
the synthetase crystal and the unit cell axes, crystals were 
mounted so that their b* axis was parallel to the axis of the 
capillary. Thus for data collection on the diffractometer the 
b* axis was approximately coincident with the 0 axis of the 
diffractometer (Figure 8). 
The orientation matrix, which transformed reciprocal 
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Figure 8. Full circle on a four-circle diffractoneter. 
Taken from Stout and Jensen (1989) 
lattice to the laboratory reference frame of the 
diffractometer, was obtained as described by Hamilton (1974) 
and King and Finger (1973). The orientation matrix was 
derived from the observed angles for the 8 equivalent 
positions of 4 reflections taken at 29 of approximately 10 
For a resolution of 5 A we had to measure the intensities 
of approximately 4,000 reflections ranging from 0 ^  to 18 ° in 
26. The data corresponded to one quadrant of reciprocal 
space, consisting of positive and negative h, positive k and 
positive 1 with an absolute maximum index value of 16. The 
data for each derivative were collected in multiple shells 
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beginning with the highest resolution data first since it 
decays the quickest. A set of data for each derivative 
consisted of four subsets which were 0-9.3°, 9.0^-13.2°, 
12.9^-16.2°, and 15.9°-18.0° in 29. Each subset having about 
1,000 reflections was then divided into four or five shells of 
200 to 250 reflections. Data had a 0.1 ° overlap in 29 
between shells and a 0.3 ° overlap between subsets. Multiple 
observations of the same intensities were used to scale 
subsets together. Data collection was discontinued on a 
particular crystal whenever the reference reflections, checked 
at intervals of 2 to 3 hours, showed an approximate 30 % 
decrease from their initial intensities. The number of 
crystals needed for one data set, varied from 2 to 4, 
depending on the rate of intensity decay which was different 
for each derivative. 
The quantity derived from the intensity is the structure 
factor modulus, |p|, which is related to the experimentally 
observed intensity as 
|ri Ok (1)1/2. 
Furthermore, the structure factors are the quantities that are 
used in the calculation of electron density maps. For this 
reason, it is necessary to convert the raw intensities into 
observed structure factor amplitudes, Is'obsl ' by a series of 
data reduction programs. In the data processing, a set of raw 
intensities measured on the four-circle diffractometer was 
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corrected for background, absorption, Lorentz-polarization 
effects, and radiation damage to produce a set of i'obsl* 
In order to minimize the time of collecting data, counts 
were made only at a limited number of steps near the peak 
maximum of each reflection. Individual intensities were 
measured from half-height to half-height by w-scans, one-
dimensional step-scanning, using a scan width of 0.35 ° in 
seven, 10-second steps. However, the peak widths varied 
appreciably over the range of data observed and could not be 
determined precisely for weak reflections. The procedure of 
Hanson et al. (1979) modified by Hendrickson was used for 
fitting a double Gaussian function to the intensity profile: 
yi - [exp-{(C2+ki-Xi)/C3))2 + exp-{(C2+k2-Xi)/C3)2] 
where yi = - bk (I^ is the count at x^, bk is the 
background count), is the peak height, C2 is the peak 
shift, k^ and k2 are the spectral dispersion due to the copper 
K^l, Kg2 doublet, and C3 is proportional to the peak width. 
The Gaussian function was fit first to reflections of strong 
intensity, obtaining calculated parameters for the height, 
width and misalignment of the peaks. These parameters were 
then used to develop width and misalignment tensors, which 
could be used to calculate the width and misalignment of weak 
reflections. 
Assuming that backgrounds are a function of 26, data were 
divided into shells for which the sin 6 dependence on 
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background was nearly linear. The background variation was 
then fitted by using an appropriate empirical expression, in 
order to remove much of the random noise: 
Ijjjç - a(h2)+b(k2)+c(l2)+d(hk)+e(kl)+f(hl)+g(sine) 
where h, k and 1 are indices of a given reflection, sine is a 
resolution term and 'a' through 'g' are parameters adjusted by 
least squares. 
Absorption effects, which often introduce serious 
systematic errors, were corrected. A semi-empirical method by 
North et al. (1968) was employed for the correction of 
absorption. The intensities of a single reflection OkO near 1L 
of 90 ^  were measured at rotation intervals of ten degrees 
about the 0 axis. The raw absorption profile was smoothed by 
an 8-term Fourier transform process. We then interpolated the 
extent of absorption for the incident and the reflected beams 
from the fitted curve. A typical absorption curve for 
adenylosuccinate synthetase crystals is shown in Figure 9. 
The Lorentz factor is a measure of the relative velocity 
of a reflection in passing through the Ewald sphere. The 
polarization factor describes the dependence of intensity on 
the state of polarization of the incident radiation. They are 
both a function of the Bragg angle 8, and are given by L = 
(sin26)"l and p > (l-i-cos^2e)/2, respectively. The Lorentz and 
polarization factors were applied to the raw intensities as 
(Lp)-l. 
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Figure 9. A typical absorption curve for adenylosuccinate 
synthetase crystals 
X-ray radiation Is known to damage crystals by a dual 
process of thermal decay and the production of free radicals 
(Blake and Phillips, 1962). The rate law for decay derived by 
Hendrlckson (1976) was modified for use with low resolution 
data: 
I(t)/I(0) = exp (-kit)(l + kit) 
where I(t) is the diffraction intensity after exposure time t, 
1(0) the initial Intensity and k^ the rate constant for the 
transformation of an ordered crystal to a completely 
disordered one, proposed in the Blake and Phillips model 
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(1962). The intensities of a set of reference reflections on 
the rows of hlO, Okl and 101 were measured at the beginning, 
at one or two times midway in the lifetime of a crystal and at 
the end of data collection. The equation above was then 
fitted by least squares to the variation of the intensities as 
a function of time. 
Since we collected a set of data from several crystals, it 
was necessary to scale those different subsets of data 
together on the basis of the common reflections. A non-linear 
least squares approach was used to minimize the function given 
by 
*(h)i -EE (w(h)i)(I(h)i - Gil(h))2 
where w(ta)j^ is the weight of the ith observation and is 
proportional to the reciprocal of the standard deviation 
squared of I(h)£, an observed intensity, is the reciprocal 
of the scale factor, and 1(h) the best least squares value of 
the intensity. We used initial values of unity for and 
calculated shifts to 6^ by an iterative process. Convergence 
occurred after 10 cycles or less. 
Data reduction which converts the observed raw intensities 
(I) to structure factor amplitudes (|F|) can be expressed by 
the formula 
|F| - k(AI/Lp)l/2 
where A is the absorption correction, L the Lorentz 
correction, p the polarization correction, and k the absolute 
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scale factor which will be discussed later. The processing of 
the native protein data resulted in |fp|, representing the 
structure factor amplitude of the native protein, and |fpg| 
and I 1, that of the heavy atom-bound derivative and the 
ligand (inhibitor)-bound derivative, respectively. Table 3 
lists the details of data analysis, including the number of 
crystals used, radiation damage rate constant, the number of 
unique reflections, and the calculated Rgym values. 
High resolution data 
Crystals grown from freshly purified adenylosuccinate 
synthetase were used to collect the diffraction data of the 
native enzyme and its Hgl^^" derivative in the laboratory of 
Dr. Martha Ludwig at the University of Michigan. This task 
was performed by Dr. Richard Honzatko. Sets of data of the 
native and the derivative crystals were collected to 2.3 A and 
2.6 A resolution, respectively, using the Mark II system which 
could collect data at 100 times the rate of a standard four-
circle diffractometer. The system consisted mainly of a 
rotating-anode X-ray generator operated at 50 kV and 100 mA 
with a graphite monochromator and two multiwire X-ray area 
detectors. A microVax II computer system not only controlled 
the orientations of a crystal, but also analyzed the data from 
the area detector, extracting the integrated intensity of the 
recorded reflections as the data were being collected (Hamlin, 
1985). 
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Table 3. An analysis of derivative data sets of low 
resolution 
Ligands No. of Length of Kl» Unique R b 
*sym 
Crystals Time® Reflections* 
MMSU 4 40-50 hrs 0.034 3,454 0.047 
KgOsCl 6 2 90-100 hrs 0.013 3,477 0.044 
PLP 2 90-100 hrs 0.012 3,515 0.051 
Pi 3 90-100 hrs 0.013 3,548 0.054 
*The rate constant of radiation damage (hr~^). 
^Reliability index checked from equivalent reflections is 
calculated from ZZ|l(h) - l(h)i|/EZI(h){ where 1(h)^ is the 
ith measurement of reflection fi and 1(h) is the mean value of 
the N equivalent reflections. 
^The approximate exposure time for each crystal. 
^he number of unique reflections after scaling all the 
data subsets. The expected number of reflections is 13,964. 
Area detector data collection involved a number of 
complex, interrelated tasks: Crystal alignment and 
refinement, prediction of reflection locations, collection of 
intensity data, and data transfer. The first task was the 
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initial examination of the diffraction pattern of a crystal 
and its alignment. The motion of a protein crystal was 
permitted with the conventional goniostat axes w, % and 0. In 
addition, the detector could be rotated through an angle of 
with respect to the incident beam and moved along a track to 
place it at a distance D from a crystal mounted in a capillary 
(Figure 10). 
The crystals of the synthetase were mounted in sealed 
glass capillaries with their crystallographic b axis 
perpendicular to the axis of the capillary and optically 
centered on the full-circle goniostat. 
X RAY COLLIMATOR 
/ 
DIRECTION OF 
X-RAY BEAM 
Figure 10. Geometry of the multiwire area detector. Taken 
from Hamlin et al. (1981) 
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(Figure 11). As shown in Figure lib, the detector was placed 
so as to straddle the equatorial plane of the goniostat. At 
the highest resolution (R^ax)' * reflection was measured only 
if its reciprocal-lattice vector made an angle with the 
equatorial plane that is smaller than A%, where ù% is obtained 
from the equation 
tan ^  • (h/2)/(Dtaneg + a/2). 
Reflection intensities were extracted from a sequence of 
electronic pictures, each of which was exposed for 70 to 100 
seconds while the crystal and the detector were stationary. 
Between successive pictures the crystal was rotated about the 
W axis by a constant angle of O.l °. For the derivative data, 
we measured the Bijvoet reflections, +(hkl) and -(hkl), by 
changing % to -% and * to # + 180 °, leaving the detector in 
the same position and with the same w limits (Xuong et al., 
1985). Data collection with the area detector was similar to 
the step scanning technique used in conventional 
diffractometry except that a large number of simultaneous 
diffracting reflections could be measured together and a 
three-dimensional profile of the reflection was obtained 
instead of the typical one-dimensional profile. 
The measured raw intensities were then subject to Lorentz 
and polarization corrections. Individual background 
measurements were made for each reflection. We also applied 
absorption and crystal decay corrections by using a least 
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Figure 11. Diffraction geometry with the area detector, (a) 
the plane perpendicular to the crystal rotation 
axis (b) À typical section of reciprocal space. 
Taken from Xuong et al. (1985) 
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squares, local scaling algorithm (Xuong et al., 1985), based 
on duplicate measurements for the same reflection. Another 
advantage of the area detector was the better quality of the 
intensity data, because each reflection was detected on 
average 4 times more than in the conventional diffractometry. 
All of the observed intensities were then merged together 
and a scale factor was calculated for multiple measurements. 
Five sets of data resulted from two trips to Michigan, 
composed of one native data set, two +(hkl) derivative and two 
-(hkl) derivative data sets. 
Finally, all of the data sets including four sets of low 
resolution data from the four-circle diffractometer, were put 
on an absolute scale as derived from a Wilson plot (Wilson, 
1949). A Wilson plot for adenylosuccinate synthetase is shown 
in Figure 12, where we calculate an overall temperature 
factor(B) from the slope and a scale factor(k) from the 
intercept on the y axis by using the equation 
ln(<I>/Sfj2) « - ln(k) - ZBCsin^e/Z^). 
We also corrected for systematic errors between sets of data 
by employing a local scaling method (Matthews, 1975). In 
local scaling, the 125 nearest neighbors to a given reciprocal 
index were used to calculate a scale factor for that 
reciprocal index. Noise in the scale factors due to the 
occasional happenstance of an insufficient sampling size, was 
removed by a 27 point smoothing algorithm, applied to the 
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Figure 12. A Wilson plot for adenylosuccinate synthetase 
crystals 
local scale factors. The two +(hkl) and two -(hkl) derivative 
data sets were local scaled Independently against the native 
data. The two derivative sets In turn were merged into a 
single +(hkl) and a single -(hkl) set. Table 4 lists the 
details of high resolution data analysis containing the number 
of crystals used, the number of unique reflections, the 
calculated Rgym values, and unit cell parameters. As a 
result, the merged high resolution data set Included 
approximately 20,000 Independent reflections that have spacing 
above 2.8 A. 
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Table 4. An analysis of high resolution data sets 
No of Unique Rsym^ Unit Cell Parameters 
Crystals Refls^ a (A) b(A) c(A) /8(°) 
Native 3 19,996 0.050 73.2560 72.1801 82.8450 108.1730 
Derivl 3 14,584 0.062 73.3644 72.2729 82.7414 108.2260 
Deriv2 5 16,775 0.060 73.3739 72.0724 82.8086 108.2357 
^Rgyn - zr11(h) - I(h)4 I/SSI(h)if where 1(h)i is the ith 
measurement of reflection fi and 1(h) is the mean value of the 
N equivalent reflections. 
^The number of reflections after averaging and merging. 
Combination of Isomorphous Replacement 
and Anomalous Scattering for Phasing 
Since a Patterson synthesis gives peaks at the ends of 
vectors, which connect atomic locations, heavy atom sites for 
the mercury derivative (Serra, 1990) could be determined by 
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interpreting the appropriate difference Patterson map. The 
Patterson function with coefficients (|fpg| - IFp|^, where 
I'phI I'pl were the observed structure factor amplitudes 
of the derivative and the native crystals, respectively, 
provided an isomorphous difference Patterson map. An 
anomalous heavy atom vector map was given by an anomalous 
difference Patterson function with coefficients (|PpH(+)l ~ 
|Fph(-)|)^ where iFpj](+)| and |Fpj{(-) | were the observed 
structure factor amplitudes of a Bijvoet pair of reflections, 
represented in Figure 13. We could also obtain a slightly 
better heavy atom vector map by using the combined difference 
Patterson function with combined coefficients of isomorphous 
and anomalous differences (Singh and Ramaseshan, 1966), which 
will be explained shortly. For comparison the corresponding 
(iFpnl - |Fp|)2 isomorphous replacement Patterson, (|Fpj](+)| < 
|Fph(-)|)^ anomalous scattering Patterson and the combined 
Patterson map are shown in Figure 14 (a), (b) and (c). 
Suppose that there are two mercury heavy atoms which 
distinguish the native and the derivative structures. Taking 
account of the fact that heavy atoms have significant anoma­
lous scattering effects (Blundell and Johnson, 1976), each of 
these two atoms will have scattering factors, fg, represented 
by 
fc = f + if" 
where f is the real part and f the imaginary part of the 
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Figure 13. Vector diagram showing the relationship between 
the respective structure factors. Taken from 
Blundell and Johnson (1976) 
scattering factor. The structure factor of two atoms can then 
be written as 
Pq = Zfj^exp(27rih.rj^) + iZfj^"exp(2)rih.rj,) (n=l,2) 
= Ph + iP»". 
If all of heavy atoms are of the same type, then the ratio k 
(=Fh/Fh") of the real component and the imaginary component of 
the heavy atom structure factor will be constant (Rossmann et 
al., 1961). Thus, in this case, Fg" = k"^Fg, and Pg and Pg" 
are orthogonal. Using a cosine law in OBC of Figure 13 
FpH(+)^ ~ ~ ~ ®H 
" FpH^ + + 2FpHFjj"sin(apjj - a^). 
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Likewise from triangle OBD 
^ " ^PH^ ~ ^ ''PH^H"®°® ^®PH " ®H " ""Z^) • 
" ^PH^ "•• " 2PPHV®^"^®PH " *H)' 
Combining the above equations, Bijvoet difference (I_) is 
given by 
I- • FpH(+) ^ ~ ^ " ^^PH^H*'®^'*^®PH ~ ®H^ * 
From triangle OAB 
FpH®^^(*PH ~ ®H^ " FpSin(Op - (*jj) 
and using the ratio k, I_ is rewritten as 
Fph(+)^ ~ FpgC")^ • (4/k)FpF^sin(Op - ay). 
On the other hand, Bijvoet sum (1+) is given by 
1+ - FpM(+)^ + FpH(-)' - 2(FpH^ + 
Now, combination of Bijvoet difference (I_) and Bijvoet sum 
(1+) results in the following equations: 
(1/2)1+ = FpH^ + FH"2 
— Fp^ + Fjj2 + ^ 2FpFgCOS(@p— 
— Fp2 + Fj|2(l+l/k2) + 2FpFj|COS(fltp—ctjj) • 
= Fp2 + Fn2(i+i/k2) + ZFpFyfl - sin^ (ap-a,,) )^2 
= Fp2 + Fn2(l+l/k2) 
+ FPFH{(4-(KI.)2)/4FP2FH2)1/2. 
Since the equation is quadratic with respect to Fy^, the two 
roots of Fj]2, by considering that to a good approximation l/k^ 
may be neglected as compared with unity, are 
Fh^ = (1/2)(1+ + 2Fp2) ± ((I+)2Fp2 - (k/2)2(I_)2j1/2. 
These two roots now represent the Heavy-atom Lower Estimate, 
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FHLE/ and the Heavy-atom Upper Estimate, corresponding 
to the negative and positive signs, respectively, before the 
second term of the expression above. is a reasonable 
approximation and is related to other equations derived by 
Matthews (1966a) and by Kartha and Parthasarathy (1965). 
FHLE^  - (1/2){1+ + 2Fp2) - ((I+i^ Fpa - (k/2)2(I_)2)1/2. 
Hence, as long as the ratio k is known, it is in principle 
possible to use the observed data to calculate a difference 
Patterson synthesis with coefficients equal to FHT.B^ t which 
gives better estimates of heavy atom positions. Generally the 
isomorphous differences are larger than the anomalous terms 
and can thus be measured with greater accuracy. However, 
whereas the isomorphous measurements are influenced by lack of 
isomorphism, the anomalous differences are free from that 
source of error and have a greater intrinsic accuracy. A 
simple approach to this problem is to consider the relative 
error in the isomorphous and anomalous differences. This can 
be achieved by deriving an empirical k value as 
k - 2(<Fp„ - Fp>2/<FpH(+) - FpH(-)>2)V2. 
The heavy atom compound used for the derivative was 
KgHgl*. The assumption for k was that the mercury atom and 
iodine atoms in the complex ion Hgl^^- are of the same type 
and regarded as spherically symmetrical (Matthews, 1966a). 
Ions like Hgl*^" tend to be bound covalently by soft ligands 
such as cysteine, methionine and histidine by displacement of 
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halides. It is also known that dissociates to give 
rise to Hgig", Hgl2 and I** in solution, and the reaction with 
a protein may be through an uncharged species. On the other 
hand, the anionic forms can interact electrostatically as in 
lysozyme or in the minor sites of myoglobin or through 
hydrophobic interaction as in a hydrophobic pocket close to 
the heme group of myoglobin (Kretsinger et al., 1968). 
Chemical modification showed that Cys^^l and Cys^** were 
easily modified with DTNB in the absence and in the presence 
(3.5N) of urea, respectively (Dong et al., 1990). Comparison 
of the molecular size between DTNB and Hgl^^" suggest that 
these two cysteines may be available to the mercury anions. 
Mercury atoms then may be bound covalently to Cys^^^. 
However, we can't explain why other mercury reagents such as 
Hg(CN)2» HgCl2 and CHgHgCl disrupted the synthetase crystals, 
whereas Hgl^^~ did not (Serra, 1990). Refinement of the high 
resolution structure of the enzyme should reveal the status of 
the heavy atom group with a resolution comparable to the 
dimension of Hgl^^". 
Analysis of Patterson syntheses gave approximate positions 
for the heavy atoms and consequently initial estimates of 
protein phases. Parameters describing the heavy atom 
substructure were refined by least squares. The refined 
parameters were then used in the calculation of new phase 
angles. 
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In the refinement of heavy atom parameters, the total lack 
of closure (Ze^) over all data was minimized; 
• E(Fp|](obs) - Fp||(calc))^ 
where Fpu(calc) - ( (FpCOSOp + F|jCOsaj])^ + (FpSinOp + Fg 
sinaji)^}^/^ (refer to Figure 13). The lack of closure for a 
specific reflection was used to obtain a bimodal Gaussian 
probability distribution for its phase angle, a. The 
probability that a phase angle for the protein structure 
factor is correct, is related to the lack of closure and is 
given by 
P(o) = exp (-e^/ZEf) 
where E is the r.m.s. lack of closure for the data set. This 
leads to a most probable phase angle, a best phase angle (Og, 
the centroid of the Gaussian distribution), and a weighting 
factor representing the accuracy of the phase determination. 
This factor which is named the figure of merit, |*|, is 
defined as 
m = ZP(a)exp(ia)/ZP(a) 
and 
|m| - (SP(o)2cos2a + ZP(a)2sin2a}l/2/ZP(a) 
(Dickerson et al., 1961). A physical interpretation of |m| is 
the mean value of the cosine of the error in phase angle, 
|m| " <cos Aa>. 
In the process of refinement, both isomorphous replacement 
and anomalous scattering information were incorporated. In 
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the case of a Bljvoet pair of derivative reflections, is 
defined as the lack of closure of Fpg(+) and e_ is that of the 
FpH('-)* For both the isomorphous and anomalous data, the 
overall phase probability distribution is 
P(a) - exp[-(l/2)((e++e_)2 + (e+-e_)2)/2e2] 
where E is now the total r.m.s. error in determining and 
6.. In the above equation the term (€++e_) represents the 
isomorphous replacement lack of closure, 
«iso •«++«-• 2(FpH(calc) - Fp^) 
where Fpg » (FpH(+) + FpH("))/2« By analogy we can calculate 
the anomalous scattering lack of closure 
«ano -«+-«-
" "*• ~ 2FpFjj"sin(apu -
(Matthews, 1966b). If Ej^so ^ano defined as estimates 
of the r.m.s. error in determining Cj^go ^ano' 
respectively, the overall phase probability equation above can 
be rewritten as 
P(o) - exp [-(l/2){(€igo2/2Eiso2j + 
(^ano^/^Eano^)j] 
" ^isot*) • ^ano(*) 
where Pigo(a) is the phase probability distribution obtained 
using isomorphous data, and P^j^g(a) is the probability 
distribution obtained from anomalous data. 
The statistical treatment of errors as above will give the 
least mean square error in the electron density map which is 
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generated by proper weighting as 
yO(r) - Z m|Fo|,g|exp(ioB)exp(-2*^iht) 
where ^  is electron density, h and r are the reciprocal and 
the real space vector, respectively, m is the figure of merit, 
and «g the best phase angle. 
The r.m.s. lack of closure was recalculated after each 
cycle of refinement, based on isomorphous and anomalous 
differences from the Hgl^Z" derivative. The protocol for 
refinement was as follows: First, the parameters x, y and z 
of the heavy atoms were refined so as to reduce the 
isomorphous and the anomalous lack of closure. Initially B 
(temperature) parameters were fixed to 30 and the 
occupancies to 1.0. Second, the following four refinement 
cycles were repeated until convergence of all parameters 
occurred. The first cycle refined x, y, z, and B to minimize 
the isomorphous lack of closure. The second cyle refined x, 
y, z, and Q (occupancy) to minimize the isomorphous lack of 
closure. The third cycle refined again x, y, z, and B to 
minimize the isomorphous lack of closure. The fourth cycle 
refined x, y, z, and Q to minimize the anomalous lack of 
closure. The probability function was calculated at intervals 
of 10 ° and the best phase was selected for each reflection, 
giving the minimum lack of closure error. The result of 
refinement gave an overall figure of merit of 0.49 for 20,000 
independent reflections phased to 2.8 A resolution. The final 
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Table 5. Heavy atom parameters of adenylosuccinate 
synthetase derivatives* 
site x** y^ Occupancy Temp. 
Real^ Ano^ Factor® 
HGl 0.1687(1) 0.0000(0) 0.3475(1) 1.25(1) 2.05(2) 79.9(7) 
H62 0.2912(1) 0.2369(1) 0.1025(1) 1.08(1) 1.85(1) 35.7(4) 
^Standard deviations are in parentheses. 
^Fractional coordinates. 
°The occupancy based on isomorphous difference, 
^he occupancy based on anomalous differences. 
^Temperature factor (A?). 
heavy atom parameters and the final refinement statistics are 
given in Table 5 and in Table 6, respectively. 
Table 6. 
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Phasing statistics for the SIRAS refinement of 
adenylosuccinate synthetase 
11.31 7.89 6.05 4.91 4.13 3.57 3.14 2.80 Total 
242 568 1039 1627 2443 3511 4557 5357 19344 
0.78 0.74 0.69 0.63 0.59 0.53 0.44 0.32 0.49 
47.79 50.26 41.33 41.87 43.85 35.87 28.72 21.13 33.69 
22.07 14.02 11.31 11.47 10.83 7.94 5.89 5.59 8.38 
R-factor(%) 
iso 7.79 9.25 10.31 10.59 9.66 9.46 10.82 12.05 9.76 
ano 48.06 46.23 53.25 63.25 63.79 68.46 75.35 84.09 62.11 
Figure of merit 
less than 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
No. Of 2176 4316 6180 8074 9896 11701 13635 15850 17965 19344 
Refis* 
Resolu­
tion (A) 
No. of 
Refis* 
Mean 
f.o.m.B 
r.m.s. 
®iso° 
IT • ID • ^  • 
®ano 
*Number of reflections. 
^Figure of merit: defined as mean value of the cosine of 
the error in the phase angle. 
°r.m.s. lack of closure of isgmorphous replacement data 
defined as (S|Pp«(obs)-Fpjj(calc) | V") ' / where n is the 
number of reflections. 
^r.m.s. lack of closure of anomalous scattering data 
defined as (S|-Fpjj(+)+Fpjj(-)-2FpFn*'sin(Opn-au)/Fpjj| /n) ' , 
where n is the number of reflections. 
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Difference Fourier 
Once protein phases are available, the study of the 
association of small molecules with the protein as well as of 
the location of heavy atom positions in another derivative can 
be accomplished relatively easily by means of difference 
Fourier syntheses. Since this method was first used in the 
study of the binding of azide ion to myoglobin (Stryer et al., 
1964), it has been widely applied to study the binding of 
ligands to proteins. The power of this technique lies in its 
use of known phases to investigate a large number of 
isomorphous structures, for which only the amplitudes of the 
structure factors need be measured. 
The addition of a ligand to a crystal will give rise to a 
change in structure factor amplitudes as indicated in Figure 
15, where |Pp| and |Fpj| are the structure factor amplitudes 
of the native protein and the protein plus inhibitor (or heavy 
atom), respectively, and |Fj| the amplitude of the inhibitor 
itself. 
The Fourier synthesis of the native protein is given by 
yOp = (1/V)E m|Pp|exp(iap)exp(-2fih.r) 
where m is the figure of merit discussed in the previous 
section, h and r represent the reflection vector (h,k,l) and 
the vector (x,y,z) in electron density map, respectively. The 
Fourier synthesis for the protein plus ligand is also given by 
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Itnoginory ^ 
axis 
Real axis 
Figure 15. Vector triangle showing the contributions to the 
structure factor following the addition of a 
ligand (I). Taken form Blundell and Johnson 
(1976) 
/Opi = (l/V)S m|Ppj|exp(iapj)exp(-27rih.r). 
Therefore, the difference in electron density between the 
protein plus ligand and the native protein can be obtained by 
/>PI -/Op = (1/V)S mdPpjl - |Fp|)exp(iap)exp(-2*ih.r). 
In the above Op » Op^, since |Fj| is small. In order to 
assess the reliability of a difference Fourier, the following 
equation is given by a cosine rule (refer to Figure 15). 
Fpj^ ~ Fp^ = F^^ FpFjCOS(otj *• @p) 
Which is rearranged as 
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• Fj^/(Fpj + Fp) + FpFjCOS(aj - otp)/(Fpj + Fp). 
By multiplying both sides with (expiap) and using the 
relationship cosa • exp(ia) - isine, 
AFexpiap • Fj^expiap/(Fpj + Fp) + 
FpFjexpiOj/(Fpj + Fp) + 
FpFjexpi (—Œj + 2aip)/(Fpj + Fp) « 
With the consideration that Fp » Fpj and both Fp and Fpj » 
Fj, we find that the first term represents an image of the 
protein structure, but its contribution to the difference map 
will be small. The second term, however, gives rise to the 
transform of Fj/2 in the map, and the third will result in low 
noise due to the absence of a relationship between aj and 2ap. 
Hence, a difference Fourier synthesis based on coefficients 
(Fpi - Fp)expiap will contain principally features which 
represent the additional ligand atoms not included in the 
original phasing. 
In most cases, the AF term in the expression is weighted 
by their figure of merit m, the reliability of phase and by a 
factor of 2 in order to bring the scale of electron densities 
close to their true values. The difference Fourier is 
extremely sensitive to small changes in electron density and 
it is capable of revealing more subtle features of the 
electron density than those in a normal Fourier map obtained 
with the same phases. In addition, Henderson and Moffat 
(1971) calculated the r.m.s. error in the difference electron 
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density to assess the effects of three sources of errors which 
are: (1) experimental errors in the phases, Op, of the parent 
structure factors, (2) experimental errors in the intensity 
measurements and (3) errors introduced by the use of the 
difference Fourier coefficients instead of the true but 
unobservable structure factors. They suggested that the last 
error is proportional to the square root of the mean 
of the differences in squared structure factors, and since F 
is normally a small fraction of the average protein structure 
factor, the difference Fourier has a much lower error level 
than the corresponding map of the native protein. 
For those derivatives listed in Table 3, the phases from 
Hgl^Z" (SIRAS) were used in difference Fourier syntheses. 
Slightly noticeable peaks in the MMSU difference map were 
present, whereas others were found to have no significant 
peaks in the corresponding difference map. Figure 16 shows 
the height of peaks on each section along the y axis, relative 
to the peaks of electron density corresponding to the Hgl^^' 
locations. The peaks of MMSU almost coincided with those of 
Hgl^Z" located at x » 0.169, y » 0.000 and z » 0.347, and at x 
= 0.291, y = 0.236 and z = 0.102. Thus, the MMSU derivative 
offered no new phase Information. 
59 
100 
laHiry 
0 16 5 10 20 
Sections along the y axis 
Series (a)  —Series (b) Ser ies (c)  —Series (d) 
Figure 16. A two-dimensional plot of difference Fourier 
syntheses for four derivatives. (a) Hgl^^" (b) 
MMSU (c) PLP and (d) Pi 
Identification and Refinement of 
the Molecular Two-fold Axis 
The calculation of volume of a protein in a unit cell, V^, 
gives us information about the number of molecules per 
asymmetric unit. Work of Serra et al. (1988) indicated one 
dimer resides in the asymmetric unit of the P2]^ crystal. The 
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molecular two-fold axis, which related the two polypeptide 
chains of the asymmetric unit, was initially calculated from a 
self-rotation function (Rossmann and Blow, 1962) and heavy 
atom positions of the derivative using 5 À data (Serra, 
1990). However, the calculation with high resolution data 
resulted in a significant change in the orientation of the 
axis (Table 7). Although two identical monomeric molecules 
Table 7. Eulerian angles (°) for peak positions obtained 
from the self-rotation function 
e, 03 Relative 
Peak Heights 
90.00 0 -90.00 1.00 (origin) 
226.25 165.00 -46.25 0.47 
obeyed the non-crystallographic two-fold operator whose axis 
was inclined approximately 40 ° in a clockwise direction with 
respect to the c axis (Serra, 1990), the molecular two-fold 
axis was found about 10 ° away from the perpendicular 
direction to crystallographic two-fold screw axis (b axis). 
Figure 17 represents a schematic diagram of the relative 
orientation of enzyme molecules in the unit cell. The 
61 
Figure 17. A schematic diagram of adenylosuccinate 
synthetase looking down a crystallographic two­
fold screw axis (labelled as ^ in the center of 
picture) 
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Figure 18. A schematic diagram of adenylosuccinate 
synthetase looking down a crystallographic two­
fold axis. The position of the cartesian origin 
(identical to the unit cell origin) is marked as 
O. The molecular rotation axis is represented by 
an arrow, R, and 4 stands for heavy atom 
positions. The midpoint C on the dashed line 
connecting those positions lies on the rotation 
axis and thereby defines the translation vector T 
t 
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spherical polar angles, as defined by Rossmann and Blow 
(1962), for the location of the two-fold rotation axis were 
133.28 ° and 10.33 ° for psi and phi, respectively. 
The averaging of electron density at the same relative 
positions in each monomer was employed to improve the initial 
phase information (SIRAS). Since the success of the averaging 
method rests upon the precise calculation of the 
transformation that superimposes one monomer on the other, the 
position of the non-crystallographic two-fold axis was first 
refined against the 4.0 À resolution electron density. 
We defined three Eulerian angles of the rotation matrix 
and three parameters of the translational vector relating a 
point on the molecular rotation axis to the origin of the 
cartesian frame (Figure 18). The Eulerian angles were defined 
by the Rossmann and Blow convention (1962): (1) the first 
rotation through an angle 6^ about the Z axis, (2) the second 
rotation through an angle @2 about the new X' axis and (3) the 
third rotation through an angle 83 about the new Z' axis 
(Figure 19). 
Consistent with a proper two-fold rotation axis the sum of 
8^ and 83 must be 180 ° (Rossmann and Blow, 1962). For 
refinement purposes the Rossmann and Blow angles were 
converted to an equivalent set of Lattman angles 8+ = 8^ + 83, 
82 = 82 and 8_ - 8^ - 83. The 8^ angle was fixed to 180 
whereas 82, 8_ and t^, ty and of the translational vector 
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Z 
Figure 19. A diagram demonstrating the three Eulerlan angles 
0J f ©2 and ©j 
were optimized by reducing the least squares residual 
Z [ ~ ^1 (transformed) ]2 
where ^  (transformed) is electron density related to by 
the molecular two-fold axis. Details of the refinement 
procedure were originally developed by Cox (1967). 
The electron density mates related by the molecular two­
fold axis gave an overall correlation coefficient of 0.476 for 
the SIRAS 4.0 A resolution map and 0.855 for the map after the 
averaging with accurate envelopes (Table 8). Correlation 
coefficients are defined as 
correlation - Z ) / ( Z ^ f 2 ) ^ 
where is the density of a given monomer, ^2 that of Its 
Table 8. 
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Transformation parameters relating non-crystallo-
graphlc mates of adenylosuccinate synthetase 
Parameters* Map Source^ 
SIRAS Averaging 
02 2.874(1) 2.874(1) 
- ©3 4.757(1) 4.758(1) 
X translation (À) -2.00 (2) -2.03 (2) 
Y translation (A) -11.71 (2) -11.75 (2) 
Z translation (A) 49.33 (2) 49.36 (2) 
Correlation 0.476 0.855 
*The conventional definition of Eulerian angles is used as 
described in text. The angle of 6+ (-e^+eg) was fixed to n*. 
^The parameters for the molecular two-fold axis were 
refined against electron density maps from the SIRAS phasing 
at 4.0 A resolution and the averaging at 4.0 A resolution, 
respectively. Standard deviations are in parentheses. 
mate, and ^2 the averaged density values for each 
subunit. 
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Map Improvements 
Phase Improvements at low resolution 
The other factor essential for the success of the 
averaging process is the determination of an accurate 
molecular envelope. The molecular envelope defines the 
boundary of a dimer which is composed of two monomers. In 
order to average the densities, an initial envelope for the 
dimer was drawn on the transparency films of 4 A resolution 
electron density maps based on SIRAS phases. These small 
minimaps were very useful for making boundaries of the dimer. 
Since the errors in the envelope were only seen after 
completion of averaging, the averaging process was repeated 
with corrected and better envelopes until no further errors 
were detected. For averaging the density, we extensively 
modified a set of programs written by Bricogne (1976). The 
programs were adapted to the Silicon Graphics Iris 4D20 
workstation, and a number of additional programs were written 
by Dr. Richard Honzatko, in particular, in order to make the 
envelope obey the two-fold symmetry of the molecule, as well 
as to check that the envelopes of neighboring dimers did not 
overlap. The process of averaging was in outline as follows: 
(1) obtain the preliminary phase information (SIRAS), (2) 
define the envelope of the dimer in the asymmetric unit, (3) 
compute an electron density map based on observed amplitudes 
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weighted by their figures of merit and the SIRAS phases, (4) 
average the density of the dimer, (5) reconstruct the 
asymmetric unit using the averaged density and setting solvent 
regions to a constant value, (6) compute structure factors by 
Fourier inversion of the reconstructed map, and (7) combine 
the calculated phases with the previous phases by the use of 
Sim's formula (Sim, 1959), in order to obtain new phases and 
new figures of merit. We repeated steps (3) - (7) until the 
R-factor, (S||Pgbg|-1Pcaicll/2|Fobs I>' converged. Figure 20 
summarizes the process schematically. 
The averaged density map showed significant improvements 
in signal-to-noise levels, clear molecular boundaries with 
distinct solvent channels, and density continuity, whereas the 
molecular boundaries in the initial electron density map from 
obs 
Envelope 
obs' =SIRAS 
new* "new 
calc' "calc 
Electron Density Map 
Averaged 
Electron Density Map 
Figure 20. Schematic representation of averaging processes 
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SIRAS phases were nearly unrecognizable. Progress in the 
averaging process is presented in Table 9. Some sections of 
both the initial map and the averaged map containing the 
molecular two-fold axis are shown in Figure 21 and in Figure 
22, respectively. 
Two difficult problems occurred during the process of 
density averaging. First, the region outlined by the dashed 
circle (Figure 23), corresponded to detached electron density 
which could be associated with the "head" region or the "wing" 
region of a dimer. In order to solve the problem, we had to 
proceed with two different types of envelopes, assigning the 
density to the head, which turned out to be the correct 
interpretation, and assigning the density to the wing (Figure 
23). The second problem was the contact regions between 
dimers related by the two-fold screw axis or by translation, 
denoted as (a) and (b) in Figure 23. The interactions between 
side chains from each dimer were not recognizableable at low 
resolution. Making the envelope in these intermolecular 
contact regions employed first a generous molecular boundary. 
Chain folding at high resolution was then used to define the 
envelope more precisely, in order to avoid averaging protein 
density of one dimer with the density from the other dimer, or 
the solvent with protein density in the regions of 
intermolecular contact. 
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Table 9. Progress of the averaging for adenylosuccinate 
synthetase* 
Cycle 
Number 
Mean Phase 
Shifts (®) 
R-factor Correlation^ Averaged 
Figure of Merit® 
1 43.74 0.387 0.640 0.830 
2 27.00 0.290 0.785 0.861 
3 23.25 0.262 0.823 0.872 
4 21.73 0.249 0.839 0.877 
5 21.13 0.241 0.848 0.880 
6 20.71 0.237 0.854 0.882 
7 20.47 0.233 0.858 0.883 
8 20.22 0.231 0.861 0.884 
9 20.00 0.229 0.863 0.885 
10 19.91 0.228 0.865 0.885 
11 19.77 0.226 0.866 0.886 
12 19.73 0.226 0.867 0.886 
*7,171 reflections from 15.0 to 4.0 A resolutions were 
used. 
bcorrelatlon - <FobsFcalc>/(<FobsFobs><FcalcFcalc>)l/2. 
^Figure of merit averaged over resolutions from 15.0 A to 
4.0 A. 
Figure 21. Electron density from SIRAS phasing corresponding 
to sections 33 to 47, which show a symmetry about 
the molecular axis 
SIRAS map (4.0 A) sections 33- 47 
Figure 22. Electron density after averaging, corresponding 
to sections 33 to 47, which show a symmetry about 
the molecular axis 
averaged mzq* (4.0 A) 
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Figure 23. A schematic representation of the synthetase 
diner showing intermolecular regions. The 
regions in circles are head and wing regions, 
(a) and (b) are described in text 
75 
Phase improvements at hlah resolution 
The final envelope from the low resolution phase 
improvement step was adopted for use in averaging the density 
at high resolution. A further correction to that envelope was 
made before carrying out three different directions of phase 
improvements at high resolution. 
First, starting from SIRAS phases of 7,261 reflections at 
4 A resolution, phases for the reflections between 4.0 A and 
2.8 A were obtained by a stepwise expansion procedure, called 
phase extension. In each expansion step new reflections were 
added to the set of already phased reflections, followed by a 
few cycles of density averaging at constant resolution (d). 
We decided to expand the phases from 4.0 A to 2.8 A in 13 
steps ranging from 0.16 to 0.05 in resolution (A) (Ad). Each 
step consisted of 8 cycles: 5 cycles of averaging in the 
extension step from d to d + Ad, involving 900 to 1,200 new 
reflections. These extension cycles were followed by 3 normal 
cycles during which all reflections up to d + Ad A received a 
new phase and Sim weight (Sim, 1959). For the total set of 
20,864 reflections out to 2.8 A resolution an overall R-factor 
of 0.205 and an average figure of merit of 0.88 were obtained 
(Table 10). 
The overall R-factor remained reasonably low, except over 
the resolution range from 3.16 A to 2.8 A, where the R-factor 
showed a progressive increase. Some sections of the averaged 
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Table 10. Results of phase extension as a function of 
resolution 
Resolution No. of Mean Phase R-factor Correlation* 
(À) Reflections Shifts (°)b 
20.0-3.84 8,198 2.66 0.187 0.918 
3.84-3.70 954 1.81 0.176 0.924 
3.70-3.58 940 1.58 0.173 0.930 
3.58-3.46 1,056 1.47 0.169 0.934 
3.46-3.35 1,119 1.39 0.167 0.936 
3.35-3.25 1,160 1.30 0.167 0.938 
3.25-3.16 1,151 1.24 0.165 0.939 
3.16-3.08 1,157 1.30 0.166 0.938 
3.08-3.01 1,110 1.30 0.166 0.932 
3.01-2.95 1,022 1.35 0.171 0.919 
2.95-2.90 940 1.35 0.180 0.919 
2.90-2.85 987 1.46 0.190 0.900 
2.85-2.80 1,070 1.47 0.205 0.875 
«correlation = <FobsFcalc>/(<FobsFobs><FcalcFcalc>)l/2' 
M^ean absolute phase changes in the last cycle. 
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map at 2.8 A with phase extension are shown in Figure 24. 
Stripes of density parallel to the molecular two-fold axis 
appeared in the map. Those stripes of density turned out to 
be artifacts of averaging, probably because the Hgl^ "^ 
derivative did not provide sufficient quality phase 
information at high resolution. 
Secondly, we averaged the whole data sets directly at 
various resolution limits such as at 3.7 A, 3.35 A, 3.16 A, 
and 2.8 A. For example, in the case of averaging with 3.16 A 
data set, 14,578 reflections were used for 11 cycles of 
density averaging during which all reflections received a new 
phase and a new Sim weight. Table 11 shows the progress of 
direct averaging at 3.16 A. 
Finally, phase combination was adopted for both the direct 
averaging at different resolution limits and the phase 
extension, instead of phase transfer with Sim weights as 
described previously. Treating the averaged map as the known 
part of a total structure, phase probability distributions 
were computed from the I'calcl using Sim's formula (Sim, 
1959). These distributions were combined multiplicatively 
with those obtained from SIRAS to calculate new best phases 
and figures of merit. Attaching these to the I'obsl' another 
map was calculated, enabling the cycle of averaging and phase 
combination to be repeated. After only 4 or 5 cycles, the 
mean phase change per cycle was less than 1 Again, phase 
Figure 24. Electron density after averaging with phase 
extension out to 2.8 À resolution, corresponding 
to sections 33 to 47 
X-AXB 
I 
sections 33-47 averaged nu  ^(2.8 A) 
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Table 11. Results of direct averaging at 3.16 A resolution 
with phase transfer with Sim weights* 
Cycle Mean Phase R-factor Correlation^  
Shifts (®) 
1 53.58 0.389 0.636 
2 36.10 0.358 0.741 
3 12.19 0.269 0.847 
4 6.98 0.239 0.880 
5 4.89 0.220 0.897 
6 3.72 0.208 0.907 
7 3.16 0.199 0.914 
8 2.70 0.192 0.920 
9 2.25 0.187 0.924 
10 2.12 0.182 0.927 
11 1.88 0.178 0.930 
12 1.72 0.175 0.933 
*14,578 reflections from 20.0 À to 3.16 A were used for 
averaging which transferred Sim weights as figures of merit. 
C^orrelation = <FobsFcalc^ /(^ FobgFQbg><FcalcFcalc?^ ^^ '^ 
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extension with combination created stripes of density parallel 
to the molecular two-fold axis. Among various trials at 
different resolution limits, averaging with phase combination 
at 3.7 A resolution including 9,062 reflections resulted in an 
R-factor of 0.233 and an average figure of merit of 0.860 
(Table 12). 
Overall, the averaged map from phase extension generated 
the artifacts of stripes whether coupled with Sim weight 
transfer or with phase combination. The map from direct 
averaging with Sim weight transfer gave better statistics, 
such as R-factors and correlations, than that which resulted 
from combination. Thus, the map with Sim weight transfer had 
less noise level and more easily recognizable boundaries for 
the enzyme than the map derived from phase combination. 
However, the continuity in density was distinctively better in 
the averaged map based on phase combination than in the map 
based on phase transfer with Sim weights. 
Chain Tracing 
The path of the polypeptide chain was traced in the 
averaged electron density map based on phase combination at 
3.7 A resolution, with the help of the amino acid sequence 
(Wolfe and Smith, 1988). Initially, the molecular two-fold 
axis was marked in the map, and the boundary of each monomer 
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Table 12. Results of direct averaging at 3.7 A resolution 
with phase combination* 
Cycle Mean Phase R-factor Correlation^  Averaged 
Number Shifts (®) Figure of Merit® 
1 44.79 0.393 0.631 0.820 
2 27.79 0.300 0.774 0.853 
3 24.13 0.271 0.813 0.864 
4 22.57 0.257 0.830 0.869 
5 21.71 0.249 0.840 0.872 
6 21.21 0.243 0.846 0.874 
7 20.81 0.240 0.851 0.876 
8 20.57 0.237 0.854 0.877 
9 20.47 0.236 0.856 0.877 
10 20.32 0.234 0.858 0.878 
11 20.22 0.233 0.859 0.878 
12 20.13 0.233 0.860 0.879 
*9,062 reflections from 15.0 to 3.7 A resolutions were 
used for averaging with phase combination described in the 
text. 
"correlation - <FobsFoalc>/(<Fobs^ obs><^ calcfcalc>) 
F^igure of merit averaged over resolutions from 15.0 A to 
3.7 A. 
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of a single diner was determined. In the averaged map, there 
were many regions of discontinuous density although secondary 
structures were recognizable. Other maps averaged with phase 
combination as well as with Sim weight transfer at various 
resolutions such as 3.35 A and 4.0 A were referenced to 
resolve several ambiguous regions. Overall, the Fo map from 
the combined phases at 3.7 A resolution was used as the 
primary reference for tracing. 
Viewing the molecule down the crystallographlc two-fold 
screw axis, the chain was traced starting with 61y^  at right 
side of the molecule at the bottom of the unit cell, where y 
sections start from section 0 (Figure 25). At first, there 
were three possible locations for the N or C terminus in the 
primary reference map. A new envelope derived from the 3.35 A 
averaged map was then used for averaging again at 3.7 A. The 
resulting map gave a helpful indication of the correct 
assignment for the two terminal regions. 
Serra (1990) found little homology between the synthetase 
and other GTP-binding proteins. We recently found in 
adenylosuccinate synthetase, however, the well known pattern 
Gly-X-X-Gly-X-Gly-Lys, observed in the N-termlnal region of 
mononucleotide binding proteins (Dreuslcke et al., 1988) 
(Figure 26). The amide group of the third glycine and the 
side chain of lysine in the pattern are known to interact with 
f-phosphate of GTP in the case of GTP binding proteins, or of 
Figure 25. Electron density map at 3.7 k, corresponding to 
sections 0 to 23. N represents N-terainus emd + 
does the mercury binding site and the succinate 
binding site is represented as (a). The tentative 
active site is boundarized with a dashed line and 
each monomer with solid lines 
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ASM VL6AQ 
ASE VLGTQ 
AKE 
AKY 
P21 
EFTU 
IGA 
I G P :  
)ES 
>EG 
LIG 
>PG 
BSKVV DLLAT 42 
KSKEV DLLTE 12 
A 5K ST 16 
A SB ST 16 
VSK5A 10 
H SB FT 18 
Figure 26. Amino acid sequences of mononocleotide binding 
proteins. From top to bottom the sequences 
represent ASM (adenylosuccinate synthetase from 
rat muscle), ASE (adenylosuccinate synthetase from 
E. coli), AKE (adenylate kinase from fLt. saii), AKY 
(adenylate kinase from yeast), P21 (c-Ha-ras), and 
EFTU (elongation factor). The number on the right 
side stands for the first Gly in the pattern 
ATP in the case of ATP binding proteins. 
Possible alternative chain traces were eliminated by 
referring to other reference maps, as well as by observing the 
molecular two-fold symmetry. In particular, some random loops 
at the surface of the molecule had no traceable density at 
all. In those cases, other maps at different resolutions were 
helpful. 
The current interpretation of the succinate binding site 
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at the bottom of the monomer was possible (Figure 25), where 
we could find near that site an oval-shaped cave with 
dimensions about 20 A by 10 A and approximately 15 A deep. 
Since there are three substrate molecules, 6TP, IMP and 
aspartate, the active site as a whole may be of considerable 
size (Figure 25). 
Serra (1990) proposed that heavy atom binding sites in the 
crevice created by the interface of a large and a small domain 
of the synthetase may correspond to the active site of the 
enzyme, since mercury is also known to inhibit the enzyme 
(Figure 27). However, the location of the heavy atom binding 
site, presumably at Cys^ ^^  as discussed earlier, has turned 
out to be almost 15 A away from the tentative binding site for 
succinate (Figure 27). We do not know how Hgl^ "^ then 
Inhibits the enzyme. Moreover, recent experiments by Soans 
and Fromm (1990) find, by fluorescence energy transfer, that 
the distance from Cys^ *! to IMP is about 17 A. It is now our 
belief that mercury binding site is not near the active site. 
In well-resolved regions, the trace of a-helices was an 
easy task, especially in the region of the bottom of the 
molecule, where a very long helix stretches across almost 60 A 
with a kink in the middle. Eleven to twelve a-helices were 
found easily but /9-sheet structures were not easy to locate. 
Figure 28 shows schematic diagrams of the orientation of a-
helices and /9-strands found in adenylosuccinate synthetase 
Figure 27. Electron density map at 3.7 À resolution, 
corresponding to sections from 23 to 37. The 
mercury binding site (+) and the crevice created 
by the small and the large domains are shown 
ed. map (3.7 A) 
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from Ej. coll. viewing down the crystallographic two-fold screw 
axis. 
Figure 28. Schematic diagrams of the orientation of 
secondary structures found in adenylosuccinate 
synthetase, viewing down the crystallographic 
two-fold screw axis 
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CONCLUSION 
The results presented in this dissertation serve as a 
stepping stone for future work which will provide insight into 
the molecular architecture of adenylosuccinate synthetase from 
fu. However, much remains to be discovered in order to 
have a complete picture of the atomic interactions between 
ligands and the protein. 
The averaged electron density map showed significant 
improvements, clearer molecular boundaries and better density 
continuity than the initial SIRAS electron density map did. 
Chain tracing was possible using the averaged electron density 
map at 3.7 A resolution with phase combination. Tentative 
locations for the N- and the C-terminal regions, the 
mononucleotide binding region and the succinate binding 
region, were determined based on the averaged map. 
The crystals of the enzyme-ligand complexes were 
mostly disordered or cracked. A couple of ligands having no 
deleterious effects did not bind to the crystalline protein. 
The P3]^ 21 crystal form is clearly the next step in 
understanding the structure of ligand-enzyme complexes. 
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APPENDIX 1. PRELIMINARY X-RAY CRYSTALL06RAPHIC STUDY OF 
CYANASE FROM ESCHERICHIA 
Abstract 
Cyanase, an oligomerlc enzyme of Escherichia coll that 
catalyzes the decomposition of cyanate to ammonia and bicarbo­
nate, crystallizes in the space group PI with unit cell 
parameters a - 85.96 A, b » 83.17 A, c - 83.28 A, a > 
110.29 o, # = 118.29 r " 72.40 °. Crystals diffract to a 
resolution of at least 2.5 A. The crystal data, in 
conjunction with a subunit molecular weight of 17,008, suggest 
that two oligomers are in the asymmetric unit of the crystal 
and that eight subunits comprise a single oligomer. 
Introduction 
When exposed to extracellular cyanate, Escherichia coll 
produces an enzyme, cyanase, which catalyzes the bicarbonate-
dependent decomposition of cyanate to ammonia and bicarbonate 
K^yung Hyun Kim and Richard B. Honzatko from the Dept. of 
Biochem. Biophys., Iowa State Univ., Ames, lA 50011, Richard 
M. Little and Paul M. Anderson from the Dept. of Biochem., 
Univ. of Minnesota, Duluth, MN 55812 (Kim et al., 1987a). 
W^e thank the NIH (GM33828 and GM33842), the Petroleum 
Research Fund (16269-G4) and the Office of Naval Research 
(N00014-84-G-0094) for support. 
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(Taussig, 1960). The reaction appears to proceed in three 
steps, the first two of which are probably under the control 
of cyanase (Anderson & Little, 1986; Johnson & Anderson, 
unpublished results). In the first reaction bicarbonate 
functions as a nucleophile, adding to cyanate. In the second, 
the adduct of bicarbonate and cyanate decarboxylates, 
generating one molecule of carbamate. Finally, the carbamate 
decomposes spontaneously to ammonia and carbon dioxide. 
Although the net reaction is a simple decomposition of 
cyanate, the enzyme is structurally complex. Estimation of 
the molecular weight by gel filtration and sucrose density 
gradient centrifugation gives a value of approximately 150,000 
(Anderson, 1980). The molecular weight of a single poly­
peptide chain, on the basis of gel electrophoresis in the 
presence of sodium dodecyl sulfate and its amino acid 
sequence, is 17,008 (Anderson, 1980; Anderson et al., 1987; 
Chin et al., 1983). Thus cyanase is an oligomer of eight to 
ten identical subunits. 
The interaction of ligands with the oligomer reflects 
further the complexity of the enzyme. Azide and acetate act 
as competitive inhibitors with respect to cyanate and bicarbo­
nate, respectively. Small dianionic molecules are very effec­
tive inhibitors of cyanase, oxalate being the most potent 
inhibitor known (Anderson & Little, 1986; Anderson et al., 
1987). The binding of oxalate to the active site is followed 
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by a slow isomerlzatlon of the enzyme, which leads to a tight 
llgand complex. Finally, oxalate, as well as the substrate 
bicarbonate and other small anion and dianion inhibitors of 
cyanase bind to the oligomer in a ratio of one ligand per two 
subunits (Anderson et al., 1987). 
Motivation for a crystallographic study of cyanase arises 
not only out of intellectual curiosity over the biochemical 
and structural properties of the oligomer, but also from its 
potential role in therapies for sickle cell anemia, uremia and 
cancer. The work here defines the number of subunits that 
comprise the oligomer as well as establishing a basis for 
additional crystallographic studies. 
Methods and Results 
The isolation of cyanase followed the procedure of 
Anderson (1980). The cyanase used came from a strain of E. 
coll that, by virtue of the cloned gene of cyanase, produces 
levels of enzyme 1000-fold higher than the wild-type organism 
(Sung et al., 1987). 
Crystals of cyanase grow under a number of conditions 
varying in pH (5 to 8), temperature (4 °C or 25 °C) and 
precipitant (ammonium sulfate or polyethylene glycol 8000). 
All crystals of cyanase seen to date have the similar 
morphology of eguidimensional parallelepipeds. Crystals used 
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in the characterization of unit cell parameters were grown 
under two sets of conditions. For the first set we coxobined 
at room temperature 25 nl of protein solution (15 mg/ml in 
proteins, 50 mM in potassium phosphate, pH 7.2) with 25 /ul of 
precipitant (27 % (w/w) polyethylene glycol 8000, lOO mM 
acetic acid, 100 mM potassium phosphate, 100 mM boric acid, 2 
mM oxalic acid, 6 mM sodium azide, adjusted to pH 5.2 with 
potassium hydroxide). Similarly, for the second set we 
combined 25 nl of the protein solution described above with 25 
Hi of precipitant (27 % (w/w) polyethylene glycol 8000, 100 mM 
citric acid, 100 mM potassium phosphate, 6 mM sodium azide, 
adjusted to pH 5.2 with potassium hydroxide). Crystals 
measuring up to 1 mm on an edge grew in several days from the 
two mixtures. 
We determined space group symmetry by taking a series of 
precession photographs using several specimens oriented so as 
to permit inspection of all reciprocal space. No precession 
photograph revealed more than a center of symmetry, inferring 
a space group of PI. Unit cell parameters are a = 85.96 A, b 
= 83.17 A, c = 83.28 A, o » 110.29 ®, /9 = 118.29 °, and T = 
72.40 °. Ten-minute exposures using a sealed tube source for 
X-rays at 40 kV and 20 mA gave diffraction to a resolution of 
2.5 A. We observed no difference in diffraction or unit cell 
parameters for the crystals grown under the two sets of 
conditions. Oxalate in the first set of conditions may not be 
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at a sufficient concentration to displace azide and acetate 
(competitive inhibitors with respect to cyanate and 
bicarbonate) from the active site of the enzyme. 
Discussion 
We measured the density of crystals by the method of Low 
and Richards (1952) using a density gradient of xylene and 
carbon tetrachloride. The density of cyanase crystals is 1.24 
±0.01 g/cm^ . Using the method of Matthews (1974), we 
estimated a protein content of 68 % corresponding to a 
molecular weight of 270,000 + 10,000. The number of monomers 
per asymmetric unit, then, is 15.8 ± 0.6, based upon a monomer 
weight of 17,008. On the basis of the estimated molecular 
weight of 150,000, two oligomers must be in the asymmetric 
unit of the crystal. Thus, the crystal data infer that there 
are eight subunits per oligomer of cyanase. The molecular 
weight of the octameric cyanase based on the amino acid 
sequence of the monomer and crystal data is 136,064. We are 
currently in search of heavy-atom derivatives of the present 
crystal form of cyanase as well as new crystal forms of the 
enzyme that may prove more amenetble to structure analysis. 
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APPENDIX 2. STRUCTURAL ASYMMETRY IN THE CTP-LIGANDED FORM 
OF ASPARTATE CARBAMOYLTRANSFERASE FROM 
ESCHERICHIA 
Abstract 
The protein and solvent structure of the CTP-liganded form 
of aspartate carbeunoyltransferase from Escherichia coli yields 
an R-factor of 0.155 for data to a resolution of 2.6 A. The 
model has 7353 protein atoms, 945 sites for solvent, and two 
molecules of CTP. A total of 25 of the 912 residues of the 
model exist in more than one conformation. The root-mean-
square deviation of bond lengths and angles from their ideal 
values is 0.013 A and 2.1 respectively. The model reported 
K^yung Hyun Kim, Zhongxiao Pan and Richard B. Honzatko 
from the Dept. of Biochem. and Biophys., Iowa State Univ., 
Ames, lA 50011, Heng-ming Ke and William N. Lipscomb from 
the Dept. of Chem., Harvard Univ., Cambridge, MA 02138 (Kim 
et al., 1987b). 
W^e thank the National Institutes of Health (GM33828 and 
GM06920), the Petroleum Research Fund (16269-G4), the Office 
of Naval Research (N00014-84-G-0094), Iowa State University 
and Ames Laboratory for monetary support. Ames Laboratory is 
operated for the U.S. Department of Energy by Iowa State 
University under contract no. W-7405-ENG-82. We also 
acknowledge use in our initial studies of the GRIP-75 
molecular graphics program at the University of North 
Carolina, Department of Computer Science, including thanks to 
E. E. Britton, J. S. Lipscomb, M. E. Pique, W. Siddal, J. E. 
MaQeen Jr, J. Hermans, W. V. Wright, and F. P. Brooks Jr. 
(Principal Investigator). This graphics program was 
supported by the National Institutes of Health, the National 
Science Foundation, the Atomic Energy Commission, and the IBM 
Corporation. 
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here reflects a correction In the trace of the regulatory 
chain. 
One molecule of CTP binds to each of the two regulatory 
chains of the asymmetric unit of the crystal. The inter­
actions between the pyrimldlne of each CTP molecule and the 
protein are similar. The 4-amino group of CTP binds to the 
carbonyl groups of residues 89 (tyrosine) and 12 (Iso-
leuclne) of the regulatory chain. The nitrogen of position 3 
of the pyrimldlne binds to the amide group of residue 12; the 
2-keto group binds to lysine 60. The 2'-OH group of the 
rlbose forms hydrogen bonds with lysine 60 and the carbonyl 
group of residue 9 (valine). The binding of the phosphate 
groups of CTP to the regulatory chain probably reflects an 
Incomplete association of CTP with the enzyme at pH 5.8. A 
lattice contact Influences the interaction between the 
triphosphate group of one CTP molecule and the protein. For 
the other CTP molecule, only lysine 94 binds to the phosphate 
groups of CTP. 
Of the two regulatory and two catalytic chains of the 
asymmetric unit of the crystal, there are only two significant 
violations of non-crystallographic symmetry. The active site 
in the vicinity of arglnlne 54 of one catalytic chain is 
larger than the active site of its non-crystallographic mate. 
The "expanded" cavity accomodates four solvent molecules in 
the vicinity of arglnlne 54 as opposed to two molecules of 
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water for the "contracted" cavity. Furthermore, arginine 54 
in the "expanded" pocket adopts two conformations, either 
hydrogen-bonding to glutamate 86 or to the phenolic oxygen 
atom of tyrosine 98; residues 86 and 98 are in a catalytic 
chain related by 3-fold symmetry to the catalytic chain of 
arginine 54. In the "contracted" pocket, arginine 54 binds 
only to glutamate 86. The second violation of non-crystallo-
graphic symmetry occurs at the interface between regulatory 
and catalytic chains, where the absence of a salt link between 
glutamate 204 of a catalytic chain and arginine 130 of a 
regulatory chain permits serine 131, tyrosine 197, glutamate 
204 and leucine 211 of the catalytic chain and aspartate 133 
of the regulatory chain to adopt multiple conformations. We 
discuss the significance of these violations of non-crystallo-
graphic symmetry with respect to the biochemical properties of 
the enzyme. 
Introduction 
Aspartate carbamoyltransferase from Escherichia coli is 
the focus of a large part of the biochemical and crystallo-
graphic work on enzymes that exhibit cooperativity in cata­
lysis in conjunction with allosteric regulation (Creighton, 
1983). Aspartate carbamoyltransferase couples carbamoyl 
phosphate to L-aspartate to give L-carbamoyl-aspartate, a 
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precursor in the synthesis of pyrimidines (Jones et al., 1955; 
Reichard & Hanshoff, 1956). The enzyme is a hexamer in cata­
lytic and regulatory chains (Weber, 1968; Wiley & Lipscomb, 
1968) that exhibits positive co-operativity in catalysis 
(Gerhart & Pardee, 1962; Bethell et al., 1968) and negative 
co-operativity in binding allosteric ligands. CTP is an 
allosteric inhibitor and ATP is an allosteric activator of the 
enzyme (Gerhart & Pardee, 1962; Bethell et al., 1968). 
Several crystal structures are reported in the literature, the 
most important of which are the complex of CTP (Honzatko et 
al., 1982; Ke et al., 1984) and the complex of N-phosphon-
acetyl-L-aspartate with the enzyme (Krause et al., 1985, 
1987). The two crystal forms mentioned above define the T and 
R states of aspartate carbamoyltransferase. Several reviews 
of the biochemical and structural properties of the enzyme 
have been published (Gerhart, 1970; Jacobsen & Stark, 1973; 
Kantrowitz et al., 1980a,b). 
A number of investigations of the interactions of 
aspartate carbamoyltransferase in solution imply a violation 
of the Dg symmetry of the molecule. In particular, studies of 
ligand binding indicate that one CTP molecule binds to each 
regulatory dimer (Suter & Rosenbusch, 1977), one CTP molecule 
binds to each catalytic trimer (Suter & Rosenbusch, 1977) and, 
in the absence of succinate as an analogue of the substrate L-
aspartate, only three molecules of carbamoyl phosphate bind to 
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the hexamer (Suter & Rosenbusch, 1976). In the P321 crystal 
form, the molecular 2-fold axis is not coincident with the 
crystallographic 2-fold axis. Hence, differences in the 
structure of the enzyme that violate the putative molecular 2-
fold axis will not be averaged by crystallographic symmetry. 
Thus, in principle, careful modeling and refinement could 
reveal a structural basis for the loss of symmetry from Dg to 
C3. Structural asymmetry, however, may reflect the effects of 
molecular packing in the crystal rather than a property 
intrinsic to the enzyme. 
Further incentive for a thorough refinement of all crystal 
structures of aspartate carbamoyltransferase lies in the 
potential role of solvent in the conformational changes of the 
enzyme. Immediately apparent in a comparison of the struc­
tures of the R and T states is the significant change in the 
surface area of the protein exposed to solvent. In the case 
of the T-state enzyme, water plays an integral role in the 
interaction of interfaces. So, a complete description of the 
T to R transition will entail both a description of altered 
interactions between side-chains of the protein, and a 
description of the restructuring of solvent at subunit inter­
faces and the active site. 
We report here a carefully refined structure of the 
complex of aspartate carbamoyltransferase with its allosteric 
effector OTP. The model conforms well to ideal stereo­
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chemistry and yields an R-factor of 0.155. In addition to 
improvements in stereochemistry throughout the structure, the 
current model reflects a correction in the chain trace of the 
regulatory subunit. In light of the new model, the inter­
actions of CTP with the regulatory chain are now clear. 
Furthermore, both the active site and a region of the inter­
face between regulatory and catalytic chain violate molecular 
symmetry. We discuss the relevance of these violations to the 
biochemical properties of the enzyme. 
Materials and Methods 
A full description of earlier work on the complex of CTP 
with aspartate carbamoyltransferase from &*. coli is in the 
literature (Honzatko et al., 1982). Crystals of the complex 
of aspartate carbamoyltransferase with CTP grow from a protein 
solution (10 to 20 mg/ml) initially equilibrated against 1 mM 
sodium citrate, 0.2 mM EDTA, ImM 2-mercaptoethanol, 0.36 mM 
CTP, 3 mM NaNg (titrated to pH 7.0 with HCl), then dialyzed 
against a similar buffer, differing only in citrate 
concentration (0.04 M) and pH 5.8. The crystals are of space 
group P321 (a = b = 121.8 A, c = 142.1 A) and diffract X-rays 
to 2.6 A resolution. The unit cell length of 121.8 A for the 
a and b axes differs slightly from the previously reported 
value of 122.1 A. The unit cell parameters used in the 
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present work (a » b - 121.8 A) are more accurate. Data were 
collected on film by the oscillation method. The sources for 
X-rays were either Elliott 6X6 or an Elliott 6X13 rotating 
anode equipped with a graphite monochromator. 
We used the model developed by Ke et al. (1984) as the 
point of departure for the work reported here. The models 
that resulted from earlier studies did not conform well to 
ideal stereochemistry and did not account adequately for 
electron density of bound solvent or for electron density 
associated with side chains in multiple conformations. 
Furthermore, we had not refined coordinates for the OTP 
molecules in the earlier work. Before beginning the 
refinement, we inspected the entire model reported by Ke et 
al. (1984), making changes in torsion angles of the main chain 
as well as of side chains in order to relieve bad steric 
contacts and to correct interpretations of hydrogen bonding. 
Statistics relevant to the revised model appear in Table 1 
under the heading "Start". 
All calculations of maps employed routines of Ten Eyck 
(1973, 1977). Calculations of structure factors followed a 2-
step procedure of first generating electron density from 
atomic coordinates and, second, Fourier transforming the 
electron density to obtain structure factors. 
We used software of Hendrickson and Konnert (1981) with 
slight modification in order to accommodate the routines of 
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Table 1. Account of the refinement of the OTP complex of aspartate carbe 
Round of refinement Start 1 2 3 4 5 6 
Obs. refiectionsf 28.478(0) 23.086(4) 23.086(4) 23.086(4) 23,086(4) 23.086(4) 23.086(4) 
Number of atoms/solvents 7602/310 7602/310 7813/521 78*2/550 7920/628 7682/390 7904/612 
Final iZ-factor (%) 300 21-6 19-3 18-8 18-1 19-2 18-5 
Distances (r.m.s., 
Bonded 032 (002) 0-014 0-014 0014 0-013 0-014 0-013 
Angle 0-068 (0-03) 0038 0-038 0-038 0-037 0 037 0037 
Dihedral 0-096 (0-06) 0058 0-060 0060 0058 0059 0-0.')9 
Planes (r.m.s., A)X 0 030 (0 02) 0-011 0-011 0 011 0-011 0011 0011 
Chiral (r.m s., A)$ 0-233 (0-15) 0-172 0 170 0-169 0-163 0-166 0-16K 
Contacts (r.m.B., A)t 
Single 0-274 (0-5) 0-238 0-240 0-242 0-242 0-242 0-241 
Multiple 0-424 (0 5) 0-352 0-36} 0-358 0-358 0-352 0-362 
H-bonded 0-376 (0 5) 0-314 0-317 0-314 0-313 0-310 0-317 
Torsion (r.m.s., deg.)$ 
0) 6-6 (3-0) 21 2 1 21 20 2-0 1-9 
X 225 (15-0) 22-5 23-2 23-6 23-9 238 235 
Aromatic 26-5 (HI) 257 25-5 25-3 250 23-7 23 1 
Thermal (r.m.s., HB, A)$ 
Main bonded 3-393 (15) 1-061 1-114 1-138 1 134 1-153 117.-) 
Main angle 5*130 (2-0) 1-871 1-962 2-014 2015 2-058 2-104 
Side bonded 5-085 (2-0) 1-678 . 1-735 1-768 1-730 1-764 1 692 
Side angle 6-767 (3 0) 2-837 2-947 3-074 2-975 3015 2-914 
Structure factors^ 
/I-term 355-6(175 0) 261 0(100) 228-6(90) 221-3(90) 209-7(90) 222-7(90) 218-8(90) 
t The numbers enclosed parenthetically are cut off values in standard deviations for reflections. 
i The numbers encloaed parenthetically are target sigma values. Unless specified otherwise these target values are u 
§ Asn DIA3 deviated by 1-0 A from the target chipai volume as a result of a modeling error. 
I 
of  aspartate carbanoyltransferase 
5 6 7 8 9 10 II 12 13 14 
) 23.086(4) 23.086(4) 23,086(4) 23.086(4) 23,086(4) 23.086(4) 23.086(4) 23.080(4) 23.080(4) 23.080(4) 
3 7082/300 7904/612 7770/478 8005/713 8449/847 8371/1,079 8346/950 8346/945 8406/945 8356/945 
192 18-5 18-9 175 16-9 159 15-9 15 7 15-6 15-5 
1 0014 0-013 0-014 0-014 0-014 0-013 0-013 0-013 0-013 0-012 
7 0037 0-037 0037 0-039 0-037 0-035 0-034 0 034 0-034 0-034 
) 0059 0-059 0-060 0-063 0-059 0-054 0-055 0-054 0-055 0-054 
1 0011 0011 n o i l  0-011 0-011 0-010 0-010 0010 0-010 0-010 
1 0 166 0-168 0-170 0-174 0-177§ 0-165 0-161 0-100 0-161 0-159 
Î 0-242 0-241 0-241 0-244 0-237 0-231 0-233 0-233 0-233 0-232 
* 0-352 0-362 0-347 0-360 0-342 0-322 0321 0-322 0-322 0-321 
I 0-310 0-317 0-296 0-304 0-285 0-389 0-304 0-303 0-301 0-300 
2-0 1-9 2-0 2-0 2-0 1-8 1-8 1-8 1-8 1-8 
23-8 23-5 23-8 23-9 22-9 230 23-2 23-2 23-2 23-4 
23-7 23 1 23-2 23-4 25-1 24-4 256 25-0 25-7 255 
\ 1-153 1-175 1-213 " 1-269 1-244 1-239 1-262 1-201 1-259 1-256 
> 2058 2-104 2-182 2-261 2-224 2-228 2-209 2-207 2204 2-258 
) 1-764 1-692 1-714 1-759 1-621 1-583 1-632 1-033 1-025 1-025 
> 3-015 2-914 2-940 3-006 2-778 2-729 2-817 2-821 2-808 2-810 
) 222-7(90) 218-8(90) 222-6(90 206-0(80) 199-9(80) 183-6(80) 187-3(80) 183-7(80) 182-6(80) 180-0(80) 
ictions. 
se these target values are unchanged from the first round of refinement. r.m.H., r(M>t-mean-H(|uurR. 
•or. 
I • I 
I 
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Jack and Levitt (1978) for the calculation of derivatives of 
structure factors with respect to coordinates and thermal 
parameters. The combined software of Jack and Levitt (1978), 
and Hendrlckson and Konnert used here differs from the 
software of Rees et al. (1983), primarily In the activation of 
code related to the refinement of variable occupancy factors 
and the use of atomic occupancies of less than 1.0. Although 
the refinement of aspartate carbamoyltransferase did not 
employ varlsUble occupancies for solvent atoms, we did assign 
fractional occupancy factors to atoms of side chains that were 
In multiple conformations. One cycle of refinement required 
approximately 2 h of central processor time on a VAX 11/780. 
The program PROTIN as modified by Smith et al. (1986a) 
estaiIshed most of the stereochemical restraints for the 
model. All residues of the protein. Including those In 
multiple conformations, benefited from the full spectrum of 
restraints on covalent bond lengths, chlral volumes, 
planarlty, torsion angles, non-bonded contacts, hydrogen-bond 
lengths and thermal parameters. For solvent molecules, 
however, restraints exist only for non-bonded contacts and 
hydrogen-bond lengths. We added auxiliary restraints on 
distances between the Zn and sulfur atoms of the regulatory 
chain (target distance of 2.0 A) and reinforced the 
tetrahedral symmetry of the Zn-S coordination by applying 
restraints on the sulfur to sulfur distances (target distance 
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3.27 A). Restraints of distance, non-bonded contacts, chiral 
volume and planarity were imposed on the CTP molecules during 
refinement. All 2, 3 and 4-center distances of fixed length 
and distances of all possible intrzunolecular, non-bonded 
contacts of CTP were restrained. We restrained the volume of 
1 chiral center, carbon 1 of the ribose. The restraint on the 
planarity of the pyrimidine base was input to PROTIN as an 
auxiliary record. 
Computer scans of Fourier syntheses of coefficients 
(Fgbg - exp(2)riaggiQ) generated typically a list of 2000 
symmetry unique peaks. From the list we selected, as 
tentative sites for solvent, only peaks that made physically 
reasonable contacts with the model. Peaks of high density 
close to the model were indications of building errors. In 
the early rounds of solvent modeling, we accepted only peaks 
above 0.3 electrons/A^ . As refinement progressed, we lowered 
the threshold in stages to a final value of 0.15 electrons/A^. 
We used a PS300 graphics terminal and the program FRODO 
(Jones, 1982; Pflugrath et al., 1984) for model building. 
Sites for solvent were checked against Fourier synthesis with 
coefficients of (2Fobs " Fcalc)*xP(2*l*calc)' 
In order to calculate angles of hydrogen bonds, we used 
Hendrickson's HAFFIX to attach protons to appropriate atoms of 
the protein. The placement of the hydroxyl protons of serine 
and threonine and the phenolic proton of tyrosine is 
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ambiguous; 3 positions exist in principle for hydroxyl protons 
of serine and threonine, and 4 positions for the phenolic 
protons of tyrosine. The inconsistencies in hydrogen bonding 
due to the arbitrary placement of hydroxyl and phenolic 
protons are not resolved. 
The program SUPERIMP (Honzatko, 1986) performed all 
superpositions of structure related by non-crystallographic 
symmetry. 
Table 1 and Figure 1 are summaries of the course of 
refinement. Each rounds of refinement is a session of model 
building followed by cycles of refinement. In all 14 rounds 
of refinement we made modifications in main-chain and side-
chain conformations, adjusted positions or deleted solvent 
molecules included in earlier rounds of refinement, and added 
new sites for solvent. We began refinement of the model 
against the complete data set, but then excluded data less 
than 4 times their standard deviation, in order to reduce the 
noise in difference maps. After round 4, we inspected all 
water molecules and removed a large number that did not meet 
appropriate criteria, described below, for hydrogen bonding. 
In addition, we placed 1 of 2 CTP molecules in density. After 
round 6, all water molecules were checked again. A second CTP 
molecules was placed in density after round 7. In round 8, we 
began modeling side-chains in multiple conformations. Results 
of the refinement of the R-state enzyme clearly indicated an 
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Figure 1. The R-factor as a function of refinement cycle. 
Arrows indicate points of interruption in computer 
refinement for purposes of inspection and model 
building 
error in the chain trace of the regulatory chain (see below). 
The corrections to the chain trace of the T-state model came 
in round 10. In round 11, we removed both conformers of side-
chains that exhibited disorder and made adjustments to the 
conformation of the N-terminal segments of the regulatory 
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chains. Finally, in round 12, wherever the electron density 
clearly justified it, we reinserted multiple conformations for 
side-chains omitted in round 11. Only minor adjustments of 
the model were made in rounds 13 and 14. 
owing to the poor resolution of electron density maps, 
especially in regions of large thermal parameters, we 
considered amino acid residues whose 0, -f- angles fell outside 
of allowed regions of the Ramachandran plot (Ramachandran et 
al., 1963) as misbuilt residues. In general, where electron 
density was strong, we could build residues in conformations 
that fell within allowed regions of the Ramachandran plot. 
Criteria used to model the solvent structure evolved 
during the course of refinement. In rounds 1 to 4, if an 
electron density peak fell within 2.0 to 3.5 A of an atom of 
the model that was capable of hydrogen-bonding, we accepted 
the peak as a new site for solvent. Inspection of the solvent 
structure after the 4th round of refinement clearly indicated 
that the distance criteria above were too liberal. 
Approximately 30 % of assigned water molecules were rejected. 
In particular, too many water molecules fell into electron 
density belonging to an alternative conformation of a side-
chain. A distance criterion of 2.3 to 3.5 A eliminated 
problems of misassignment of solvent to density of alternative 
conformations of the protein. Yet, even with the more rigid 
criteria, we omitted after inspection approximately 25 % of 
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the newly added sites after each of rounds 5 ,  6 and 7. Water 
molecules were omitted for lack of density or for poor angles 
of hydrogen bonding. These bogus sites for solvent, through 
the action of restraints for non-bonded contacts and hydrogen 
bonding, often had a deleterious effect on the refinement of 
neighboring molecules of solvent. We decided after round 7, 
therefore, to examine all new sites for solvent before 
refinement, in order to eliminate bogus assignments. Finally, 
before the last cycles of refinement, we checked all water 
molecules against the following criteria: (1) donor-acceptor 
pairs must be 2.4 to 3.2 A from each other, (2) each water 
molecule must belong to a traceable network of donor-acceptor 
pairs back to the surface of the protein, and (3) all water 
molecules must have electron density in a 2FQj,g - Fg^ ic map at 
a level above 0.2 electrons/A^ . 
The criteria for modeling disorder in aspartate 
carbamoyltransferase were similar to that employed by Honzatko 
et al. (1985b). Firstly, we required the presence of electron 
density in a location that was too close to the protein for a 
solvent molecule. Secondly, we accepted alternative 
conformations of side-chain if each conformer had 
approximately staggered torsion angles. Thirdly, we demanded 
a physical basis for the existence of alternative 
conformations, such as the presence of alternative 
environments for hydrogen-bonding. Fourthly, after 
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refinement, the thermal parameters of each conformer must have 
approximately the same values. Finally, we tested the 
density, which serve as the basis for the assignment of 
multiple conformations, by deleting both conformers from the 
model and inspecting the density map after refinement. 
The occupancy factors for atoms of both CTP molecules were 
assigned initially the value 1.0. After round 10 of 
refinement, the thermal parameters of the base of CTP of 
regulatory chain (Rl) were nearly equal to those of the 
surrounding protein, whereas the thermal parameters of the 
base of CTP of the other chain (R6) were 25 higher than 
those of the surrounding protein. We decreased the occupancy 
factor for this 2nd molecule of CTP in stages before 
refinement cycles of rounds 11, 12, 13, and 14. An occupancy 
value of 0.4 provided a good match between thermal parameters 
of CTP and the surrounding protein. 
We have deposited the coordinates of the present model in 
the Protein Data Bank at Brookhaven. The deposited 
coordinates include the calculated positions of hydrogen 
atoms. Coordinates are in a total of 8 polypeptide chains 
designated by the letter A through H. Letters A, C, E, and G 
designate residues of catalytic chains. Letters B, D, F, and 
H are designators of regulatory chains. Chains A and C are 
complete catalytic chains. Chain E contains only alternative 
conformations of residues in chain A, whereas chain 6 contains 
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alternative conformera of C. Similarly, the designators F and 
H represent alternative conformers of residues in regulatory 
chains B and D, respectively. The deposited model departs 
from the published sequence (Hoover et al., 1983; Konigsberg 
and Henderson, 1983; Schachman et al., 1984; Weber, 1968) only 
in the instance of residues 1 to 7 of chains B and D. Due to 
weak electron density in the region above, we have omitted the 
first 7 residues of the regulatory chains from the model. The 
sequence used in the refinement of the catalytic and 
regulatory chains is in Figure 2. 
Quality of the Structure 
Figure 3 presents the structural relationship of the six 
catalytic and six regulatory chains of aspartate 
carbamoyltransferase and the relationship between domains of 
the catalytic and regulatory chains. The catalytic chains Cl 
and C6 and regulatory chains R1 and R6 express the symmetry-
unique contents of the unit cell of the P321 crystal form. 
The interfaces of the symmetry-unique structure lie between 
chains Cl and C2, C5 and C6, Cl and Rl, C6 and R6, Cl and R4, 
R1 and R6, Cl and C4, and C6 and R3. If all parts of the 
structure were to obey the molecular 2-fold axis, interfaces 
C1-C2, Cl-Rl and C1-R4 would be equivalent to C5-C6, C6-R6 and 
C6-R3, respectively. As the molecular 2-fold axis passes 
Figure 2. Sequence of the catalytic and regulatory chains of 
aspartate carbamoyltransferase. A single letter 
represents each residue In accordance with the 
lUPAC-IUB Commission on Biochemical Nomenclature 
(1970). The first 7 residues of the regulatory 
chain are not a part of the refinement model 
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Sequence catalytic chain 
NO. 
1 R N P L Y 0 K H I I S I N 0 L S R 0 0 L N L V L fl 
2 6  T A A K L K A N P O P E L L K H K V I A S C F F E  
5 1  R S T R T R L S F O T S M H R L G A S V V G F S D  
7 6  S f l N T S L G K K G E T L A D T I S V I S T Y V D  
l O l A I V M R H P O E G A A R L A T E F S G N V P V L  
1 2 6 N R G D 6 S N 0 H P T 0 T L L D L F T I 0 0 T E G  
1 5 1 R L 0 N L H V R M V 6 0 L K Y G R T V H S L T 0 A  
1 7 6 L A K F 0 G N R F Y F I A P D R L A M P E Y I L 0  
2 0 1 M L D E K G I R W S L H S S I E E V M A E V 0 I L  
2 2 6  Y M T R V 0 K E R L D P S E Y A N V K A 0 F V L R  
2 5 1 f l S D L H N R K A N M K V L H P L P R V 0 E I A T  
2 7 6  0 V D K T P H A M Y F 0 Q A G N G I F A R 0 A L L  
3 0 1 A L V L N R 0 L V L  
Sequence regulatory chain 
NO. 
1  M  T  H  D  N  K  L  0  V  E  A  I  K  R  G  T  V  I  D  H  I  P  A 0  I  
2 6  6 F K L L S L F K L T E T D 0 R I T I G L N L P S  
5 1  G E M G R K D L I K I E N T F L S E D Q V O Q L A  
7 6  L Y R P O A T V N R I O N Y E V V G K S R P S L P  
l O l E R I D N V L V C P N S N C I S H A E P V S S S F  
1 2 6 R V R K R A N D I A L K C K Y C E K E F S H N V V  
151 L A N 
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through the interfaces C1-C4 and R1-R6, these interfaces do 
not have symmetry mates. 
The number of parameters of the model is 33,424 (x,y,z, 
and B for each atom), 3780 of which describe the solvent 
structure. Thus, with or without the solvent, the number of 
Figure 3. General relationship between catalytic and 
regulatory chains of the entire hexamer 
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parameters exceeds the number of observations used in the 
refinement (23,086). The number of degrees of freedom of the 
model in the least-squares refinement, however, is sensitive 
to the weight placed on the geometric restraints. Weights on 
geometry are high for aspartate carbamoyltransferase. 
Although we do not have an exact value for the number of 
degrees of freedom, the reasonable values and direction of 
shifts in parameters infer a favorable ratio of observations 
to the number of degrees of freedom. R-factors of the entire 
model (0.155), the model excluding solvent (0.240) and the 
model excluding solvent and individual thermal parameters 
(0.316), imply that the 3780 parameters of the solvent are at 
least as significant in describing the crystal structure as 
the 7411 thermal parameters of the protein and CTP molecules. 
A plot after the method of Luzzati (1952) presented in 
Figure 4 places an upper limit of 0.35 A on the r.m.s. error 
in atomic coordinates. The level of uncertainty in 
c o o r d i n a t e s  a s s o c i a t e d  w i t h  l o w  t h e r m a l  p a r a m e t e r s  ( b e l o w  5  A )  
Is approximately 0.2 A, but for atoms with the highest B 
values (60 to 70 A^ ) the uncertainty approaches 0.7 A. For 
the most part, thermal parameters of atoms in the polar domain 
and the zinc domain are among the lowest In the structure. 
Relative differences of as little as 1.0 A between atoms 
related by molecular symmetry may be significant for specific 
regions of the polar and zinc domains. However, isolated 
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differences in conformation with regard to molecular symmetry 
of 1.5 A or less are as likely artifacts of refinement as they 
are real differences in structure. In presenting violations 
of molecular symmetry here, we cite primarily differences in 
0-35 
30 0-30 
0-20 
o 
U 
5 
0-2 0-3 
Resolution iWd) 
Figure 4. The R-factor as a function of resolution. Curves 
for the root-mean-sguare error of 0.20, 0.25, 
0.30, and 0.35 A are superimposed on the curve for 
aspartate carbamoyltransferase 
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conformation of 3.0 A or larger. 
Regions of the main chain weak in electron density 
(electron density at or below a level of 0.25 electron/A^ ) are 
residues 77 to 79 and 243 to 245 of the catalytic chain and 
residues 1 to 7, 51 to 54 and 64 to 67 of the regulatory 
chains. Residues 77 to 79 and 243 to 245 of the catalytic 
chains undergo large conformational changes in the T to R 
transition (Krause et al., 1985). In addition to the elements 
of the main chain listed above, the following side-chains have 
no or only partial density at a level of 0.2 electrons/A^: 
lysine 84, arginine 229 and glutamate 239 of catalytic chain 
CI (designator A) and glutamate 221, arginine 229, lysine 232, 
and arginine 234 of catalytic chain C6 (designator C). 
The highest uninterpreted peak in the difference map in 
proximity to the model is 0.28 electron/A^ , comparable in 
height to uninterpreted peaks of other structures (James and 
Slelecki, 1983; Honzatko et al., 1985b). Only three peaks are 
above 0.25 electron/A^ . All of the peaks are within 1.6 to 
2.2 A of a protein atom and probably reflect uninterpreted 
disorder. 
The r.m.s. deviation in distances from ideal values falls 
close to or within the targeted variances (Table 1). Only 5.2 
% of all distances in the three categories (distances between 
1st, 2nd and 3rd nearest bonded neighbors of an atom) fall 
outside of two standard deviations of their ideal values. 
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The r.m.s. deviation of atoms of planar groups from their 
fitted planes is 0.010 A, well within the target value of 0.02 
A. No planar deviation is beyond two standard deviations of 
the target variance. The low variance in the planar groups 
reflects to a large extent, the tight distribution of the 
omega torsion angle about 180 °. 
Hendrickson and Konnert (1981) define the quantity, chiral 
volume, as a triple product of three vectors. Each of the 
three vectors has the a-carbons of a residue as a common 
origin. The first vector ends on the carbon atom of the 
carbonyl, the second on the ^ -carbon atom and the third on the 
amide nitrogen atom. The sign of the chiral volume reflects 
the chirality of the a-carbon atom and its magnitude is 
sensitive to bond lengths and the angular separation of the 
three vectors. Only 3.4 % of all chiral volumes fall outside 
two standard deviations of their target values. Residues that 
deviate by more than 0.5 A^  from their ideal chiral volumes 
are in Table 2, listed with values for their non-
crystallographic mates. In general, the large deviations from 
ideal volumes probably represent an artifact of refinement, as 
only one of two residues by non-crystallographic symmetry 
deviates significantly. 
Of the 5267 non-bonded contacts subject to restraints, 
only 14 interatomic distances are less than 2.4 A. Residues 
contributing to these close contacts are in Table 3. In 
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Table 2. Comparison of chiral volumes of selected residues 
with those of their non-crystallographic mates* 
Residue Name Chiral Volume/Chiral Volume of Mate 
Glutamine A6 1.77/2. 01 
Leucine A264 1.78/2. 63 
Valine B106 C
M 00 H
 36 
Leucine C66 1.85/2. 30 
Tyrosine C98 1.97/2. 33 
Aspartate C276 1.93/2. 33 
Isoleucine D21 1.88/2. 51 
Tyrosine D77 1.96/2. 40 
R^esidues selected had deviations in chiral volumes of 0.5 
A or greater. Chiral volumes are for the a-carbon of each 
residue (ideal volume = 2.49 A^ ). 
addition to the close non-bonded contacts, the distance 
between 17 donor-acceptor pairs of the protein are less than 
2.3A. Residues involved in close donor-acceptor contacts are 
in Table 3. Average values for angles between donor-acceptor 
pairs involving atoms of the main chain are 140 (±20) ° for 
interactions of type C = 0 ... N and N - H ... O. Although 
the refined structure is based on data of limited resolution, 
the overall distribution of angles of hydrogen bonds between 
atoms of the main chain is comparable to the results of other 
investigations (Honzatko et al., 1985a; Rees et al., 1983). 
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Table 3. Residues involved in close non-polar and polar 
interatomic contacts 
A. Close non-polar contacts* 
Ser A62 Ala A257 Asn B84 Glu C149 
Met A129 Ala A259 Lys B94 Asn C242 
Gin A133 Gin A287 Asp B104 Val C243 
Val A218 Ala A298 lie C145 His D20 
Asn A256 Leu A302 Gin C146 
Close polar contacts** 
Asn A2 Lys A164 Arg C167 Lys D60 
Arg A17 Asp A180 Ser C171 Asn D63 
Asn A21 Arg A269 Asp C278 Thr D64 
Thr A79 Asp A278 Tyr C285 Glu D68 
Ser A80 Asn A305 Asn C305 Asp D72 
Thr A144 Asp B72 Asp C307 Ala D131 
Thr A148 Ser B98 Val D9 Asn D132 
Asn A154 Asp B104 Arg D14 
Asp A162 Asn BIOS Thr D16 
separation of 2.4 Â or less between atoms not capable 
of hydrogen-bond formation. 
separation of 2.3 A or less between atoms capable of 
hydrogen-bond formation. 
Dihedral angles of the main chain generally conform well 
to their expected values. All omega values are within two 
standard deviations of their target value of 3 In all, 33 
of the 937 <t>, ir pairs fall more than 30 ® outside of allowed 
regions of the Ramachandran plot (Ramachandran et al., 1963) 
(Figure 5). Of the 24 residues, only leucine 267 (chains CI 
and C6) and asparagine 105 (chain Rl) are in strong density 
and have atoms whose thermal parameters are low. The peptide 
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Figure 5. Plot of angles for all non-glycines residues 
of aspartate carbamoyltransferase. The regions of 
allowed peptide conformations come from the 
analysis by Ramachandran et al. (1963) 
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link between leucine 267 and proline 268 is in a cis 
conformation; the Ramachandran analysis assumes a 
transconformation. Measurement of interatomic distances of 
leucine 267 and proline 268 revealed no unreasonable contacts. 
The violation of asparagine 105 may be an artifact of 
refinement with limited data. Asparagine 105 related by non-
crystallographic symmetry is in an allowed region of the 
Ramachandran plot. The deviation in the dihedral angles of 
side-chains from a staggered conformation is larger than the 
target variance (Table 1). Nonetheless, the dihedral angles 
for side-chains distribute about the three minima in potential 
energy associated with torsional strain. The number of angles 
that adopt a value of 60 ° is considerably less than the 
number that assume values near 180 ° or 300 The small 
fraction of angles in conformations of 60 ° is a consequence 
of unfavorable steric interactions of side-chain atoms of 
helical residues with other atoms of the helix. The large 
deviation of 23.4 ° from the target values for torsion angles 
stems from the limited resolution of the diffraction data, 
which has frustrated efforts in model building. We examined 
the conformation of each side-chain, which showed a deviation 
of greater than 30 ° from its target value, but generally were 
unable to improve upon the interpretation. 
The variance in categories of thermal parameters fall near 
or within their intended values (Table 1). Thermal parameters 
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range from 2 to 70 A?. Several thermal parameters of the 
polar domain, the most ordered domain of the enzyme, would 
descend to negative values if it were not for the limit of 2.0 
imposed by the refinement program. The drift to negative 
values of B probably stems from the absence of high resolution 
data, which is so essential in establishing an accurate value 
for the decline in the magnitude of structure factor with 
Increasing resolution. The thermal parameters of aspartate 
carbamoyltransferase, then, are probably not an accurate 
measure of the true spread of electron density of a given 
atom, but serve as an indication of relative flexibility in 
the structure. In reference to Figures 6 and 7, the flexible 
regions of the catalytic chain are residues 75 to 85 and 220 
to 260. Regions of flexibility in the regulatory chain are 
residues 128 to 133 and most of the allosteric effector 
domain. Interestingly, all regions of high B value in the T-
state participate in either the binding of substrate, in the 
binding of allosteric effectors, or in the T to R transition 
of the enzyme. 
As occupancy factors for all water molecules were fixed at 
1.0 during refinement, the thermal parameters for water in 
partial occupancy refine to artificially inflated values. A 
better understanding of the physical significance of the 
thermal parameters of solvent in the P321 crystal form comes 
from a simple analysis. A single Gaussian represents the 
Figure 6. Average value for thermal parameters as a function 
of residue number of the catalytic chain A for 
atoms of side-chain (top) and of the main chain 
(bottom) 
Equatorial domain 
Residue number 
Figure 7. Average value for thermal parameters as a function 
of residue number of the regulatory chain B for 
atoms of side-chain (top) and of the main chain 
(bottom) 
I 
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density of an atom satisfactorily in the resolution range 
under consideration here; 
p { x )  - QP[4*/(p+B)]3/2exp[-4*2r2/(p+B)]. 
In the abovey Q is the occupancy factor, P and p are constants 
for a given type of atom, and B is the thermal parameter. Now 
we define a relative density as the product of the Gaussian 
height and its width; 
/>rel(r) " QP8jr/(p+B). 
For an atom of fixed occupancy the relative density becomes; 
/O'rei(r) - P8*/(p+B'), 
where B' is the artificially inflated thermal parameter. The 
relative density of an atom, whether characterized by variable 
occupancy and variable B or by just a variable thermal 
parameter, should be nearly the same. Thus; 
l/(p+B') = Q/(p+B) 
B' = PC(1-Q)/Q] + B/Q. 
Agarwal (1978) provides the value of p for oxygen (-0.8941). 
Figure 8 presents the distribution of B' values for water 
molecules of aspartate carbamoyltransferase and of lamprey 
hemoglobin (Honzatko et al., 1985b). The distribution of B 
values for the solvent of aspartate carbamoyltransferase 
parallels the corresponding distribution of B' values for the 
solvent of lamprey hemoglobin, implying comparable levels of 
electron density for the solvent structures of aspartate 
carbamoyltransferase and lamprey hemoglobin. The solvent 
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structure of aspartate carbamoyltransferase Is not biased 
toward sites of low electron density. 
Sites for solvent in the P321 crystal form are 
preferentially at a distance between 2.75 and 3.0 À from the 
nearest protein atom (Figure 9). As distances between 
hexamers of aspartate carbamoyltransferase are large, and as 
100-
75-
W 
1 
20 40 60 80 
a or/?' 
Figure 8. Distribution of B' values of lamprey hemoglobin 
(filled bar) and B values of aspartate 
carbamoyltransferase 
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Interhexamer contacts are few in the P321 crystal form, some 
solvent molecules appear as far as 9.0 A from the nearest 
protein atom. Only 44 sites are less than 2.4 A from the 
surface of the protein. Taken in its totality, the contacts 
between the solvent structure and the protein are comparable 
to those already reported in the literature (James and 
Sielecki, 1983; Rees et al., 1983; Honzatko et al., 1985a). 
Distance from protein (Â) 
Figure 9. Distribution of distance (in A) of water molecules 
about the protein 
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In all, 25 residues are in alternative conformations in 
the model (Table 4). Three of the more striking examples of 
side-chains in alternative conformations appear in Figure 10. 
In all instances, the electron density alone suggests the 
presence of more than one conformation for a side-chain. The 
accuracy of coordinates for atoms of alternative conformers is 
as good as coordinates from single conformers with atoms of 
equivalent values in B. 
Results 
General Qv^rviw 
Table 5 is a list of the elements of secondary structure 
of aspartate carbamoyltransferase. The secondary structure is 
the same as previously reported (Ke et al., 1984; Honzatko et 
al., 1982), except for the addition of a few short elements of 
secondary structure. An a-helix in the classification scheme 
of Table 5 must have a run of at least four residues whose 
angles * and-f- are -64 (±30) ® and -40 (±30) °. A /9-strand 
must be at least two residues and must participate in 
hydrogen-bonding to a sheet structure. 
Five regions of the enzyme differ significantly in 
conformation between the final and the starting models. The 
N-terminal alanine residue of the catalytic chain now occupies 
density formerly assigned to the side-chain of the second 
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Table 4. Comparison of the mean value of thermal parameters 
for atoms of alternative conformera 
Residue Residue Mean Thermal Parameter 
Type Number Conformer 1/Conformer 2& 
Gin A35 11.4/16.4 
Phe A59 2.3/ 2.4 
Ser A74 27.5/27.5 
Glu All? 6.7/12.2 
Ser A131 4.8/ 3.8 
Tyr A197 13.2/18.7 
Glu A204 20.4/17.8 
Leu A211 28.0/28.3 
Glu A221 14.0/17.8 
Arg A250 14.9/19.5 
Arg A306 33.7/33.6 
Asp B133 37.6/37.9 
Lys B143 11.3/11.5 
Asn B153 54.8/54.6 
Lys C29 7.3/ 7.3 
Gin C35 16.9/13.7 
Arg C54 4.0/ 2.6 
Phe C59 2.4/ 2.5 
Ser C74 11.2/10.4 
Arg C250 16.5/17.6 
Gin D80 28.1/25.7 
Arg 0102 24.2/24.7 
Lys D143 7.4/ 8.1 
Asn D148 17.1/15.5 
Asn D153 50.9/45.6 
O^ccupancies are 50 % each for conformers 1 and 2. 
Figure 10. Stereo view of 3 residues in alternative 
conformations, arginine 306 (top), and tyrosine 
197 (middle), both of catalytic chain CI, and 
arginine 54 (bottom) of catalytic chain C6 

é 
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Table 5. Alignment of primary and secondary structures for 
aspartate carbamoyltransferase 
Name of Residue Span Average 
Secondary element^  of element * 
A.Catalytic Chain 
SI 7 - 9 -91/120 
Tl® 11 - 14 Type III 
HI 17 - 32 -61/-47 
S2 42 - 49 -97/ 96 
H2 53 - 66 -69/-36 
S3 69 - 74 -137/ 89 
H3 88 - 98 -70/-37 
S4 101 - 106 -133/139 
H4 111 - 119 -68/-36 
S5 123 - 127 -90/121 
T2° 129 — 132 Type I 
H5 135 - 149 -67/-41 
S6 155 - 160 -114/131 
H6 167 - 179 -75/-31 
37 182 - 187 -107/122 
T3° 189 — 192 Type I 
H7 196 - 205 -61/-39 
S8 208 - 212 -127/115 
H8 214 - 220 -70/-21 
S9 224 - 228 -107/124 
H9 237 - 242 -55/-56 
HIO 251 - 256 -58/-35 
SIO 262 - 265 -127/133 
Hll 275 - 279 -57/-37 
Sll 282 - 284 -107/113 
H12 285 — 305 -69/-32 
a-helix; S, /9-strand; T, reverse turns. 
"Averages are taken over the 2 catalytic and regulatory 
chains of the asymmetric unit. 
R^everse turns are classified according to Venkatachalam 
(1968). 
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Table 5. (Continued) 
B. Regulatory Chain 
SI' 15 - 19 -127/131 
HI' 25 - 36 -67/-42 
S2' 41 - 45 -111/130 
S3' 55 - 62 -124/131 
H2' 69 - 77 -71/-33 
S4' 82 - 86 -120/132 
S5' 93 — 95 -106/141 
S6' 101 — 104 -132/131 
S7' 123 — 129 -101/134 
S8' 134 - 138 -98/128 
S9' 143 - 146 -104/147 
H3' 147 — 153 -62/-30 
residue, asparaglne. In turn, the side-chain of asparaglne 2 
is In the region formerly occupied by the N-termlnal residue. 
In their new environments, the side-chains of asparaglne 2 and 
the N-termlnal amino group have favorable hydrogen-bonding 
Interactions. The second major alteration of the catalytic 
chain affected residues 243 to 245, the former conformation of 
which had unfavorable sterlc Interactions between atoms. 
However, the new Interpretation, although It removed sterlc 
crowding, offers little Improvement, as residues 243, 244 and 
245 lie In weak electron density. Finally, we made revisions 
in the conformation of the last three residues of the 
catalytic chain. The new interpretation here is an 
Improvement over the old, primarily in accommodating 
interactions between the solvent and the protein. 
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Revisions in the regulatory chain were extensive. 
Residues 129 to 133 of the regulatory chain R1 (chain B of the 
deposited coordinates) made an unfavorable intermolecular 
contact with a neighboring molecule in the crystal. The 
revised model now has at least two strong hydrogen bonds with 
its neighbor and avoids unfavorable steric interactions. 
Although intermolecular contacts were not a problem in 
regulatory chain R6 for residues 129 to 133, we required 
several attempts before developing a model that accounted for 
the density of both the solvent and protein. By far the 
largest change in the model was the relocation of residues 14 
to 20 and 50 to 65 of the regulatory chain. Up to and 
including round 10 of refinement, electron density of the 
regulatory chain was poor in three regions, a span of three 
residues centered at residue 14, a span of seven residues 
centered at residue 63. A fortuitous circumstance arose in 
the refinement of the R-state conformation as electron density 
was strong in the region about residues 14 and 63. The 
density of the R-state clearly supported a change in the trace 
of the regulatory chain that essentially interchanges residues 
14 to 20 with residues 55 to 61 (Figures 11 and 12). The new 
chain trace and subsequent refinement ultimately led to a 
satisfactory interpretation of the interaction between CTP and 
the regulatory chain (see below). 
A complete list of Interhexamer contacts is in Table 6. 
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Figure 11. Schematic comparison of the corrected (top) and 
former (bottom) chain traces of the allosteric 
effector domain of aspartate carbamoyltransferase 
Residues 88 to 90 of the regulatory chains R1 and R6 
contribute to three of six regions of interhexamer contacts. 
In fact, five of six contacts involve regions of regulatory 
chains that have residues of high average B value. One of the 
contacts between regulatory and catalytic chains (No. 1 of 
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Figure 12. a-Carbon stereo trace of the allosteric effector 
domain before (top) and after (bottom) correcting 
the chain trace 
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Table 6. Interhexaner contacts 
(intact number/ Residues contributed by Residues contributed by 
transformation non-transformed model transformed model 
No. 1: Ala AI, Arg A306, Asp A307 Glu 1)101 
y.x,-z Atg A306 
No. 2: Asn A33, Gin A35, Val A309 Arg 1)85, Asp 1)87, Asn 1)88 
1 -r,y—z+l,—z Leu A3I0 Glu 1)90, Val 1)92 
No. 3: Tyr U80, Glu 1190, Asn B132 Glu 1)10, Lys 1)129, Arg 1)130 
y-x.l~x,z CTPBISS Asn 1)132 
No. 4: Lys C29, Glu CI49, Gly CI50 Glu C149, Gly C150, Arg C151 
2—x,y—x+ I.I —z Arg C15l,GluC221 Ala C220. Lys G29 
No. 5: Val 1*92 Gin E35 
1 —x,y—x,—z 
No. 6: Ser C2iO, Leu C2I1, His C2I2 Asn D88, Tyr 1)89, Glu D90 
y-x+l.2-x,2 Glu C2I7, Glu C22I 
('ontavt number/ Polar contacts Number of 
transformation (direct and indirect)? contacts) 
No. 1; Ala AI N;Glu »IOI 0B2 17 
y.'-s Ala AI N:Glu 1)101 OKI 
Asp A307 ()D2 : Glu BIOI ()K2 
Asp A307 GDI : Glu 1)101 0E2 
Glu 1)101 OEl : Arg A306 NHl 
No. 2: Leu A30i OT : Asp 1)87 0 20 
1 —r.y—jr+1,—2 
No. 3: Tyr 1)89 0 : Asn 1)132 ND2 1» 
iZ-J-.I -X.2 Glu 1)90 OKI ; Arg 1)130 N 
Arg 1)130 NH2:WAT 1)280 : (TTI» 1)155 
02P1) 
Asn 1)132 0 : WAT 1)294 : Glu 1)10 CEI 
Asn 1)132 0 ; WAT 1)254. Glu 1)10 OEl 
No. 4: Gin CI46 OEl : WAT C507 : Gly CI50 0 6 
No. 5: 1 
1 —x,y~x, — z 
No. U: 18 
y—x+l.2-x,z 
t A |>olar contact is any pair of atoms capable of a donor-acceptor bond and Heiutrated bv a 
distance of 3 5 A or less. 
X A contact is any pair of protein atoms separated by a distance of 4-0 A or less. 
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Table 6) is between aspartate 307 of chain CI and glutamate 
101 of chain Rl. Stabilizing the interaction is arginine 306 
of chain CI. As three independent sources of sequence 
information support the identity of these residues, a hydrogen 
bond must exist between aspartate 307 and glutamate 101. As 
the P321 crystal form is unstable in aqueous solution above pH 
6.0, one possible source of the instability may be in the 
contact between aspartate 307 and glutamate 101. 
All symmetry-unique contacts between polypeptide chains of 
the hexamer are in Table 7. If molecular symmetry were 
absolute, interfaces Cl-Rl, C1-C2 and C1-R4 would be 
equivalent to C6-R6, C5-C6 and C6-R3. Some of the differences 
in contacts for those interfaces related by molecular symmetry 
stem from the uncertainty in coordinates of the model. 
However, several of the differences between the C1-C2 and C5-
C6 interfaces are significant and are discussed below. 
Binding sites for CTP 
Significant results of the current work focus on the 
binding site for CTP, the interface between regulatory and 
catalytic chains and the active site (Figure 13). The account 
of CTP binding presented here is similar, in general, to 
previous descriptions (Honzatko et al., 1979, 1982; Honzatko 
and Lipscomb, 1982b), but contributes the details of hydrogen 
bonding between the base of CTP and the protein. The current 
chain trace of the allosteric effector domain has affected 
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Table 7. Intrahexamer contacts 
Interface number/ 
name 
Residues contributed 
by first chain 
Residues contributed 
by second chain 
No. 1: 
C1-C2 
No. 2: 
CS-C6 
No. 3: 
Cl-RI 
No. 4: 
(•6-R« 
No. 5: 
(•I-H4 
No. 6: 
(•6-R3 
No. 7; 
(.•1-C4 
No. 8: 
R1-R6 
Lys A40. His Â41. Val A43, 
Ser A69, Val A70 Val A71, 
Gly A72. Phe A73, Asn A78, 
Thr A79, Ser A80, Leu A81, 
Gly A85. Glu A86, Asp AGO, 
SerA93, Val A94,ThrA97, 
Tyr A98, Asp A100 
Pro C36. Glu C37. Ala C5I, 
Ser C52. Thr 053. Arg C54, 
Arg C86, Leu C57. Gin C60, 
Thr C61, His C64. Arg 066. 
Ser 076. Ala 077. Lys 0232, 
Pro 0268, Arg 0269, Val 0270, 
Phe 0286. Ala 0289, Gly 0290, 
He 0293 
Ser All, Asn A13. Thr A87. 
Leu A88, Ala A89. His A106. 
Pro A107, Gin A108, Glu AI09. 
Gly Alio, Ala All 1, Arg A113. 
Leu A114. Glu A1I7. PlieA118, 
Asn A132. Gin A133 
Ser CI 1, Thr 087. I^u 088. 
Ala 08», HiH 0106. Pro 0107. 
Gin 0108, Glu 0109, Gly 0110, 
Ala 0111, Arg 0113, Leu 0114, 
Glu 0117, Ser 0131, Asn 0132, 
Gin 0133. Tyr 0197, Glu 0204 
Pro DUO. Asn Dill, Ser D112, 
Val D149 
Pro D237, Ser 0238. Ala 0241. 
Asn 0244 
Tyr 0166, Arg 0234, Leu 0236, 
Asp 0236, Glu 0239 
Gin U24, Phe 1*27, Leu 1*30. 
Ser 1)31. Thr B36, Glu B37, 
Asp 1)39, Gin 1)40. Arg 1*41, 
He 1)42. Thr 1)43. lie 1)44. 
Gly 1)46. Uu 1*46. Asn 1*47. 
Pro 1*40 
Pro A36. Glu A37. Ala A61. 
Ser A52. Thr A63, Arg A64, 
Arg A56. Leu A67. Ser A58. 
Gin A60. Thr A61. His A64, 
Arg A66. Ser A76. Ala A77, 
Arg A269, Val A270, Phe A286, 
Ala A289. Gly A290, He A293 
His 041, Val 043, Ser 069, 
Val 071, Gly 072, Phe 073, 
Asn 078, Thr 079, Ser 080. 
Leu 081, Lys 084, Gly 086. 
Glu 086. Asp 090, Thr 091. 
Ser 093, Val 094, He 096, 
Thr 097, Tyr 098, Val C«9. 
Asp 01(10 
Asn Bill, Asn B113,0ys 1*114, 
HeBlI6, Ala B118, Glu 1*119, 
Pro HI20. Val 1*121. Lys 1*137. 
Lys BI39. Tyr BI40, Oy-s 1*141. 
Glu B142 
Ami DIM, Ahii DII.'*, Oys 1)114. 
He DII6, (iln 1)119, Pro 1)120, 
Val 1)121, Arg DI30, Lys 1)139. 
Tyr DI40, Oys 1)141. Glu 1)142, 
Lys DI43 
Pro A237, Ser A238. Ala A24I. 
Asn A242. Ly* A244 
Pro BllO, Asn Bill, Ser UII2. 
Asn BI13, LyH Bi43, Phe BI46. 
Ser B146. Asn BI48. Val B14» 
Ser A131, Lys A164. Tyr AI06. 
Arg A234, I^u A236, Glu A239 
Gin D24, Phe D27, Leu D30, 
Thr D36, Thr D38, Asp D39. 
Gin 1)40, Arg D41, He D42, 
Thr D43, He 1)44, (Jly 1)46. 
Uu D46, Ann 1)47, Pro 1)49 
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Table 7. (Continued) 
Interface number/ 
name 
Polar contacts 
(direct) 
Polar contactsf 
(indirect) 
No. 1: 
C1-C2 
No. 2: 
C5-C6 
No. 3: 
CI-RI 
His A41 NE2:Giu A37 0E2 
Ser A80 00 : Ala A51 O 
Qlu A86 OEl : Arg A54 NHI 
Glu A86 ()E2:Arg A54 NHI 
Tyr A98 OH : Arg A54 0 
Gly A72 0 : Arg A56 NHI 
Tyr A98 0 : Arg A65 NH2 
Asp AlOO GDI : Arg A65 NH2 
Asp AlOO GDI : Arg A65 NHI 
Asp AlOO 0D2 : Arg A65 NHI 
Asn A78 ODI : Ala A77 N 
Asp A90 0D2 : Arg A269 NH2 
Asp A90 ODI : Arg A269 NE 
GluC37 0E2:HisC41 NE2 
Arg C6S NHI : His C4I O 
Arg C56 NH2 : Gly C72 0 
Ser C76 O : Asn C78 ND2 
Ala C51 0 : Ser C80 OG 
SerC62N:SerC80 0G 
Thr C53 OGI : Ser C80 N 
Arg G54 NH2 ; Glu C86 OEl 
Arg G54 NHI : Glu C86 OEl 
Arg G54 NH2 ; Glu C86 0E2 
Arg C269 NE ; Asp C90 ODI 
Arg C269 NH2 : Asp C90 0D2 
Phe C286 0 ; Thr C97 OGI 
Arg C54 NH2 : Tyr C98 OH 
Arg C65 NH2 : Tyr C98 0 
Arg C65 NHI : Asp ClOO 0D2 
Arg C65 NH2 : Asp ClOO ODI 
Arg C65 NH2 : Asp ClOO 0D2 
Glu A109 OEl ; Asn Bill ND2 
ProAI07 0:A8nliII3ND2 
Gin AI08 NE2 ; Asn BI13 O 
Glu AlOO 0E2 : Asn BI 13 ND2 
Glu AI09 0:IleBII5N 
Ala A80 N : Glu BI 19 OË2 
Asn A13 ODI ; Lys BI37 NZ 
Arg AI 13 NE: Lys B139 0 
GlyA110N:TyrBI40 0 
Glu Al 17 OEl : Tyr B140 OH 
Glu El 17 0E2 : Tyr B140 OH 
His A64 O ; WAT A234 ; Hia A41 0 
Arg A65 NH2 : WAT A338 : Tyr A98 0 
Gly A72 N : WAT A350 : Gin A60 OEl 
Gly A72 O : WAT A350 : Gin A60 OEl 
Arg A269 NH2 : WAT A397 : Asp A90 0D2 
Asp A278 ODI : WAT A397 : Asp A90 0D2 
Ser A80 OG : WAT A473 : Arg AS4 NH2 
Thr 097 O : WAT 0322 : Gly 0290 O 
Asp COO ODI : WAT C404 : Arg C269 N 
His 064 O : WAT 0416 : His 041 O 
His 041 NE2 : WAT 0431 ; Glu 0370E2 
Ala 089 O : WAT 0434 : Arg (^269 NH2 
Asp 090 01)2 : WAT 04:*4 : Arg 026» NH2 
Tyr 098 OH : WAT 0520 : Ala 0289 O 
Tyr 098 O : WAT 0541 : Arg 065 NH2 
Asn AI32 ODI 
Gin A133 NE2 
Arg A113 NE: 
Tyr EI97 OH : 
Asn A13 0DI : 
Tyr EI07 OH : 
Arg A113 NE: 
Arg Al 13 NE: 
A% AII3 NH2 
Arg Al 13 NH2 
: WAT A331 
; WAT A331 
WAT B156 : 
WAT BI57 : 
WAT BI64 : 
WAT BKM : 
WAT B221 : 
WAT B22I : 
: WAT B221 
: WAT B22I 
t A polar contact is any pair of atoms of a donor-acceptor bond and separatci 
3 5 A or less. 
; Glu B142 0Ë2 
:Glu B142 0E2 
Lys B139 0 
Lys UI37 NZ 
Lys HI37 NZ 
Lys BI37 NZ 
Tyr BI40 0 
Glu U142 OBI 
: Glu B142 OEl 
: Tyr B140 O 
1 by a distiiiice oi 
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Table 7. (Continued) 
Interface number/ 
name 
Polar contacts 
(direct) 
Polar contactât 
(indirect) 
No. 4: 
C6-R6 
Xo. 5: 
(I-R4 
\u. (i: 
(•0-K3 
No. 7: 
(•|-C'4 
Xo. 8: 
KI-R6 
Ser All OG:Glu B142 OEl 
Ser All OG:Glu 11142 0Ë2 
Asn A132 ODl : Glu U142 0Ë 
ProC107 0:A8n DI13 ND2 
Gin C108NE2:A8nD113 0 
Glu C109 0E2 : Asn DI13 ND2 
Glu C109 O : Ile DI15 N 
LeuC88N:GIu D1I9 0E1 
LeuC88N:Glu D119 0E2 
AlaC89N:GIu D119 0E2 
Glu C204 OEl : Arg D130 NHl 
Glu C204 0E2 : Arg D130 NHl 
Glu C204 0E2 : Arg D130 NH2 
ArgCllSNHl :LysD139 0 
Gly C110N:TyrD140 0 
Glu CI17 0E1 :Tyr D140 OH 
Glu CI 17 0E2 : Tyr D140 OH 
Asn CI32 ODl : Cys DI4I O 
Asn CI32 ND2 : Cys DI4I O 
Ser CI 1 OG:Glu D142 0B2 
Arg CI 13 NH2 : Glu D142 OEl 
Gin CI 33 NE2 : Glu D142 0Ë2 
Glu A23» OEl : Tyr ClOT) OH 
Glu A239 0E2 : Tyr Cl«5 OH 
Arg A2»4 NHl : Ix>u C23A O 
LyH A1U4 NZ:Glu (^239 OKI 
Tyr Al(i5 OH : Glu C239 OEl 
Tyr A105 OH ; Glu C239 0E2 
Thr B36 O : Gin D24 NE2 
Gin 1)24 NE2 : Thr D36 0 
Asn B47 ND2 ; Thr D38 O 
Leu 1146 N : He D42 O 
He 1*44 O : lie D44 N 
He 1*44 N : He D44 O 
lie 1)42 O : Leu D46 N 
Thr 1)38 O : Asn D47 ND2 
AHP 1*39 O : Asn 1)47 ODl 
Glu Cl 17 0E2 : WAT C332 : Ser D122 N 
Arg CI 13 NH2 : WAT D173 : Tyr DI40 O 
Arg CI 13 NH2 : WAT D173 : Glu D142 OEl 
Arg CI 13 NHl : WAT D224 ; Lys D139 O 
Asn C13 ND2 : WAT D226 : Glu D142 0E2 
Ser C131 O ; WAT D227 : Lys D143 NZ 
Ser C131 OG : WAT D227 : Lys D143 NZ 
Asn C13 ND2 : WAT D245 : Lys D137 NZ 
Gin C174 NE2 : WAT D245 : Lys D137 NZ 
Glu C204 0E2 : WAT D247 : Arg D130 NH2 
Gin C108 OEl : WAT D288 : Glu Dl 19 OEl 
Glu 1)144 O : WAT B307 : Asn C242 ND2 
Arg A234 NHl : WAT A:m5 : Glu ('233 O 
Glu A109 OEl : WAT A03H : Asp ( 230 ODl 
Glu AUW OE2 : WAT A.WH : Asp ('23« ODl 
Ser EI3I OG : WAT A538 : Asp C2:W ODl 
Gin B24 NE2 : WAT B277 : Thr D3C O 
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Table 7. (Continued) 
Interface number 
name 
Number of 
contactst 
Number of 
interfacial 
water molecules§ 
No. I: 
CI-C2 
120 14 
No. 2: 
C5-C6 
124 16 
No. 3: 
Cl-Rl 
95 25 
No. 4: 
C6-R6 
107 25 
No. 5; 
C1-R4 
14 5 
No. 0; 
C6-R3 
30 « 
No. 7: 
CI-C4 
20 11 
No. 8: 
RI-R6 
114 7 
* A contact is any pair of atoms separated by a distance of 4 0 A or less. 
§ An interfacial water molecule must be 50 A or less from atoms of both polyiM-pticle chains that 
make up the interface. 
greatly the position of lysine 60. A previous report 
(Honzatko et al., 1985a) of an Interaction of lysine 60 with 
the phosphate group of OTP is incorrect; lysine 60 interacts 
with the pyrimidlne base of CTP. As the thermal parameters of 
the CTP molecules range from 50 to 75 the uncertainty in 
coordinates is approximately 0.5 A. Difference maps of native 
R32 crystals soaked in CTP and other allosterlc effectors 
(Honzatko et al., 1979; Honzatko and Lipscomb, 1982b) assisted 
tremendously in the modeling of the density of CTP in the p321 
Figure 13. a-Carbon trace of catalytic and regulatory chains 
of aspartate carbanoyltransferase in stereo. The 
view is down the molecular 3-fold eucis. Shown 
from left to right are the regions of CTP 
binding, of the salt link arginine 130 -
glutamate 204, and of arginine 54 (active site) 
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crystal form. 
The electron density of the CTP molecule bound to chain R1 
(designator B) is consistent with a nucleoside triphosphate in 
an anti conformation (Figure 14). Polar interactions between 
the CTP molecule and the regulatory chain R1 appear in Table 8 
and Figure 15. The 4-amino group of CTP hydrogen bonds to the 
carbonyl group of residues 89 (tyrosine) and 12 (isoleucine). 
In addition, the 3-nitrogen atom of the pyrimidine base binds 
Figure 14. CTP molecule and associated electron density of 
chain R1 in stereo. The cross marks the position 
of a water molecule 
150 
to the amide group of residue 12; the 2-keto group binds to 
the side-chain of lysine 60. The 2'-OH group of the ribose 
interacts with both lysine 60 and the carbonyl group of 
residue 9 (valine). Thus, the base and ribose account for 
total of six hydrogen bonds with the CTP molecule, and three 
of these involve residues of the flexible N-terminal segment 
of the regulatory chain. The triphophate moiety of CTP, in 
sharp contrast to the base, has few interactions with the 
regulatory chain Rl. Lysine 94 at 3.78 A from an oxygen atom 
of the a-phosphate group of CTP interacts weakly. Arginine 
Table 8. Distance between atoms of selected side-chains and 
the CTP molecules of chains Rl and R6^  
Atom Pair Distance R1/R6 (A) 
lie 12 0-CTP 4-amino 3.29/2.91 
lie 12 N-CTP N3 3.00/3.61 
Tyr89 0-CTP 4-amino 2.55/2.69 
Lys60 NZ-CTP 2-keto 2.46/3.54 
Lys60 NZ-CTP 2'-OH 3.09/4.48 
Val9 0-CTP 2'-OH 3.33/3.11 
Aspl9 ODl-CTP 3'-OH 4.80/3.68 
Lys56 NZ-CTP 3'-OH 5.83/4.85 
Lys56 NZ-CTP 0,y-Pa 6.26/4.39 
Lys94 NZ-CTP 0,a-Pa 3.78/3.22 
Arg96 NH2-CTP 0,a-Pa 7.10/7.21 
His20 NDl-CTP 0,Y-Pa 7.48/6.21 
y-Pa and O, o-Pa refer to the oxygen of the y-
phosphate (or a-phosphate) that is closest to the specified 
atom of the protein. 
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Figure 15. The binding site for CTP in stereo. Distances 
between labeled residues and the CTP molecule 
appear in Table 8 
130 from a regulatory chain of a neighboring molecule binds 
through a water molecule to an oxygen atom of the p-phosphate 
group of CTP (Figure 16). 
Several differences are apparent in the interactions of 
the CTP molecules at chain R6 (designator D) and chain R1 
(designator B). The distance between the amide group of 
residue 12 (chain R6) and the 3-nitrogen atom of the 
pyrimidine base is beyond the upper limit for a hydrogen bond 
(Table 8). In addition, lysine 60 of chain R6 is in a 
slightly different conformation than the corresponding residue 
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BI80 
Figure 16. Superposition of the CTP molecule (D155) from 
chain R6 onto the CTP molecule (B155) from chain 
R1 in stereo. Arginine B130 of a lattice contact 
binds to the phosphate groups of BIS5 through 
water molecule B272 
of chain Rl. As a consequence, the distances between atom NZ 
of lysine 60 and the 2-keto and 2'-OH groups are greater than 
3.5 A. Finally, the conformation of the phosphate groups of 
CTP at chain R6 differs from that of the triphosphate group of 
CTP at chain Rl by a rotation of 180 ^  about the bond that 
links the ^ -phosphorus atom to the bridging oxygen atom 
between the a and ^ -phosphorus atoms (Figure 16). The 
differences involving the pyrimidine base may not be 
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significant, as uncertainty in coordinates is high. 
Furthermore, the CTP molecule binds to chain R6 in less than 
full occupancy. So, our interpretation of the density at 
chain R6 is a compromise between the liganded and unliganded 
conformations of the regulatory chain. The differences in the 
binding of the triphosphate groups of the two CTP molecules, 
however, are significant and probably stem from the perturbing 
influence of the interhexamer contact (arginine 130) at 
regulatory chain Rl. In the eibsence of the lattice contact, 
the triphosphate moiety at chain R6 is closer to lysine 56, 
lysine 94 and histidine 20 than are the phosphate groups of 
CTP of chain Rl. 
violations of non-crvstalloaranhic symmetry 
Honzatko et al. (1982) reported excellent structural 
agreement between residues related by non-crystallographic 
symmetry. The fully refined structure, however, now reveals a 
number of instances where non-crystallographic symmetry breaks 
down. The majority of the violations of non-crystallographic 
symmetry are minor perturbations in structure due to 
intermolecular contacts in the crystal. At least two 
instances of violation, however, involve either the effects of 
packing interactions over large.distances or represent 
asymmetry intrinsic to the molecule. 
Residues involved in different intermolecular contacts and 
whose side-chains are in significantly different conformations 
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relative to their non-crystallographic mates are arginine 17, 
lysine 29, glutamine 35, leucine 211, glutamate 221, and 
arginine 306 of catalytic chain CI (designator A) and lysine 
129, arginine 130, alanine 131, asparagine 132, and aspartate 
133 of regulatory chain R1 (designator B). Arginine 306 of 
the catalytic chain exhibits the greatest variation in 
conformation in each of its two crystallographic environments. 
Arginine 306 of catalytic chain CI is in two conformations. 
One conformation (A chain of the deposited coordinates) is in 
a salt link with glutamate 101 of a regulatory chain R1 
related by crystallographic symmetry. The other conformation 
of arginine 306 (chain E) does not participate in intra- or 
intermolecular contacts. Arginine 306 of catalytic chain C6, 
on the other hand, adopts a single conformation that is 
similar to the conformation in chain A of the deposited 
coordinates. No opportunity to participate in intermolecular 
contacts exists for arginine 306 of chain C6. Each residue 
listed above represents only minor violations of non-
crystallographic symmetry. 
Specific residues and the solvent structures within the 
two active sites of the asymmetric unit differ significantly. 
Studies by Honzatko and Lipscomb (1982a) and Krause et al. 
(1985) implicate arginine 54 in the binding of the phosphate 
moiety of carbamoyl phosphate. Arginine 54 adopts alternative 
conformation in catalytic chain C6, but only a single 
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conformation In chain CI. The average separation of atoms 
NHl, NH2 and CZ of alternative conformers Is 4.8 A (Figure 
10). In catalytic chain CI (chain A of the deposited 
coordinates) arglnlne 54 binds to either glutamate 86 or to 
tyrosine 98. Residues 86 and 98 belong to the same catalytic 
chain; this chain Is related by 3-fold symmetry to the 
catalytic chain of arglnlne 54 (Figure 17). 
The region of phosphate binding of catalytic chain C6 Is 
larger by 40 to 50 A^  than the corresponding region of chain 
CI. Distances separating selected functional groups of the 
phosphate binding cavities of catalytic chains Cl and C6 are 
in Table 9. The relative separations of tyrosine 98, carbonyl 
265 and carbonyl 289 are approximately the same in both 
catalytic chains Cl and C6. However, the relative positions 
of the side-chain of glutamate 137 and carbonyl 54 differ 
significantly in chain Cl and C6. Glutamate 137 of chain C6 
relative to chain Cl is closer to carbonyls 265 and 289, but 
farther from tyrosine 98 and carbonyl 54. Carbonyl 54 
exhibits by far the largest relative displacement, being 
closer in chain Cl than chain C6 to all the other functional 
groups listed in Table 9. 
The solvent structures in the vicinities of arginines 54 
reflect further the structural differences in the two active 
sites of the asymmetric unit. The cavity about arglnlne 54 
accommodates four sites for solvent (waters 440, 608, 361, and 
Figure 17. A representation of the phosphate binding 
cavities of catalytic chain Cl (top) and 
catalytic chain C6 (bottom) 
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ARC 54 
GLN 157 
GLU 86 
TVR 98 
CARBONYL 
289 
CARBONYL 
265 
86 
TVR 98 NH 
ARC 54 
.2.69 CARBONYL 
V 289 
 ^V % _ WAT 608 
AT hUO NH 
GLN 137 
A CARBONYL 
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Table 9. Distances (in A) between selected functional groups 
in the phosphate binding cavity of catalytic chains 
CI and C6^  
Gin 137 
OEl Tyr98 OH Carbonyl 265 Carbonyl 289 
Carbonyl 54 8.23/9.64 2.74/4.08 11.39/12.16 7.11/7.68 
Gin 137 OEl - 8.35/9.76 6.63/ 5.81 7.92/7.42 
Tyr 98 OH - 10.17/10.83 4.94/5.13 
Carbonyl 265 
" 
8.84/8.91 
 ^Numerical entries correspond to distances of chain 
Cl/chain C6. 
520) in chain C6, but only two sites (waters 479 and 378) in 
chain CI. Water molecules 479 and 378 of chain CI correspond 
approximately to waters 361 and 520 of chain C6. The water 
molecules in the pocket of chain C6 each have excellent 
definition in the electron density map and exhibit typical 
angles and donor-acceptor distances in hydrogen-bonding 
interactions (Figure 17). In contrast, of the two water 
molecules in the active pocket of chain CI, only water 479 has 
good definition in the electron density map. Water 378 is 
probably not in full occupancy. In fact, positions 378 and 
479 may be mutually exclusive sites for a single water 
molecule. In the subsequent discussion, we shall refer to the 
active site chain CI as the contracted active site and chain 
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C6 as the expanded active site. 
The second instance of significant asymmetry involves 
several residues of the Cl-Rl interface. The loss of one salt 
link at the Cl-Rl interface perturbs the conformation of 
residues up to 15 A away from the link. The perturbations 
apparently are transmitted through the ordered solvent that 
exists between the Cl-Rl interface rather than through 
significant conformational changes in the protein. 
Specifically, the salt link is present between arginine 130 of 
chain R6 and gluteunate 204 of chain C6, whereas the same link 
is absent from the Cl-Rl interface (Figure 18). The salt link 
arginine 120 - glutamate 204 is the only direct interaction 
between the zinc domain and the equatorial domain in the C6-R6 
interface which, in the absence of asymmetry, is equivalent to 
the Cl-Rl interface. In addition to the absence of the salt 
link, arginine 130 - glutamate 204, the hydrogen bond between 
tryptophan 209 and aspartate 203 of catalytic chain CI is 
broken. Furthermore, serine 131, tyrosine 197, glutamate 204, 
and leucine 211 of catalytic chain CI and aspartate 133 of 
regulatory chain R1 adopt two conformations. All of the 
above, except for the side-chain of leucine 211, lie in the 
crevice separating the equatorial and zinc domains; leucine 
211 is in van der Waals' contact with tryptophan 209. We 
observe no relative displacement of the domains (zinc, 
equatorial, polar) contributing to the Cl-Rl interface. A 
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Figure 18. Stereo plots of the Cl-Rl crevice (top) and the 
C6-R6 crevice (bottom) of aspartate 
carbamoyltransferase. A salt link exists between 
arglnlne 131 and glutamate 204 only In the C6-R6 
crevice 
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displacement of 1.0 A could lead to the observed compression 
of the active site of chain CI. However, a systematic shift 
in position of 1.0 A is difficult to identify, given the 
accuracy of the coordinates set. 
Packing interactions cloud the extent to which the 
asymmetry in the Cl-Rl interface reflects an intrinsic 
property of the enzyme. The absence of the salt link between 
arginine 130 and glutamate 204 is due, perhaps, to 
intermolecular contacts. Arginine 130 interacts with the 
phosphate groups of a CTP molecule related by crystallographic 
symmetry. The CTP ligand, in fact, comes from chain R1 of a 
neighboring molecule in the crystal (Figure 16). Furthermore, 
the conformations of lysine 129, arginine 130, alanine 131, 
and asparagine 132 differ significantly between chains R1 and 
R6 (Figure 19). The conversion of the conformation of chain 
Rl to that of R6 is principally a rotation of the <p angles of 
residues 129, 130, 131, and 132 by -180 °, -40 ®, -60 °, and -
40 respectively. We cannot say with certainty whether the 
altered conformation is an artifact of packing or an instance 
of a biochemically significant conformation of aspartate 
carbamoyltransferase in solution, which is selected by the 
process of crystallization. However, the intermolecular 
contact and specifically the interaction of arginine 130 with 
the phosphate groups of CTP is clearly an artifact of the 
environment of the crystal. 
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Figure 19. Superposition of residues 127 to 135 of 
regulatory chains R1 (continuous lines) and R6 
(broken lines) in stereo 
Discussion 
A large number of nucleotides influence the kinetics of 
aspartate carbamoyltransferase from coli. All nucleotides 
are probably competitive inhibitors of catalysis. Certainly 
ATP, CTP, CDF, 8-bromo-GTP, 5-bromo-CTP, and 6TP bind to the 
active site of the enzyme and/or competitively inhibit the 
catalytic trimer (Porter et al., 1969; Honzatko and Lipscomb, 
1982a). Crystallographic evidence, however, exists for the 
binding of only ATP, CTP, CDP, 8-bromo-GTP, 5-bromo-CTP, and 
! 
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gadolinium complexes of ATP, OTP and 6TP to the regulatory 
chain. The details of interaction of the pyrimidine base of 
OTP with the regulatory chain, reported here, probably extends 
to CDP, 5-bromo-CTP and the complex of gadolinium with CTP. 
The extent to which the phosphate moiety of nucleoside 
triphosphates interact with the regulatory chain and the 
significance of interaction, however, is uncertain. A number 
of studies support an interaction between the phosphates of 
CTP and the protein (Gerhart and Pardee, 1962; London and 
Schmidt, 1972; Tondre and Hammes, 1974; Thiry and Herve, 1978; 
Burz and Allewell, 1982). On the other hand, the phosphate 
groups of CTP apparently only influence the affinity of CTP 
for the allosteric site. The nucleoside cytidine elicits a 
maximum inhibition equal to that of CTP (London and Schmidt, 
1972). In addition, Gd^ *^  complexes of ATP and CTP bind well 
to the regulatory chain and elicit allosteric effects that are 
nearly identical with the effects of nucleotides without metal 
cations (Honzatko et al., 1981). 
In the crystal structure, the phosphate groups of CTP are 
not firmly bound to any substituent of the regulatory chain, 
although lysine 56, lysine 94, arginine 96, and histidine 20 
are nearby. Indeed, by making changes in the torsion angles 
of the side-chains of lysine 94, arginine 96, histidine 20, 
and the phosphate groups of CTP one can build at least three 
strong hydrogen bonds/salt links between the triphosphate 
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moiety and the regulatory chain. The absence of direct 
interactions between the phosphate groups and the regulatory 
chain may stem from the low pH (5.8) of the crystals, where 
the triphosphate group is not completely ionized. In fact, 
the binding of OTP, as seen in the P321 crystal structure, may 
be more indicative of the binding of some metal complexes of 
CTP to the regulatory chain. A difference map at 3.0 A 
resolution of the complex of CTP with Gd^ * bound to the 
regulatory chain has been reported (Honzatko and Lipscomb, 
1982b). The phosphate groups of the GD^ -^CTP complex are in 
approximately the same conformation as the triphosphate group 
of CTP, reported here. 
The two CTP molecules bound to the regulatory dimer are 
approximately 20 A apart. We observe no significant 
differences in the structures of the two allosteric effector 
sites. So, the non-linear Scatchard plots for the binding of 
CTP to the regulatory dimer (Suter and Rosenbusch, 1977) are 
probably not due to separate classes of independent sites. 
The 100-fold difference in the binding affinities of the first 
and second molecules of CTP may stem from an indirect and 
anticooperative interaction between CTP molecules (London and 
Schmidt, 1974; Honzatko et al., 1982). The structural basis 
for a mechanism of negative cooperativity may involve the N-
terminal segments of the regulatory dimer. The N-terminal 
segments are in contact about the molecular 2-fold axis of the 
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regulatory diner of the native enzyme (Honzatko et al., 1982). 
The binding of CTP, as observed in difference maps, triggers a 
net separation of these segments. The separation of N-
terminal segments is driven probably by the binding of the 4-
amino group of CTP to both the carbonyl group of tyrosine 89 
and the carbonyl group of isoleucine 12. 
Although a detailed comparison of the active sites of the 
T-state to those of the R-state enzyme (now refined to an R-
factor of 0.165) will appear elsewhere, one of the striking 
results of a preliminary comparison is the similarity in 
solvent structure in the phosphate cavity of the expanded 
active site of the T-state and the liganded active site of the 
R-state. The four water molecules that appear in the expanded 
cavity of the T-state (Figure 17) retain their relative 
positions in the cavity of the R-state. Thus, apparently the 
expanded active site of the T-state is better adapted to 
binding the transition state analogue N-phosphonacetyl-L-
aspartate, than is the contracted cavity of the T-state. 
The presence or absence of the salt link between arginine 
130 of the regulatory chain and glutamate 204 of the catalytic 
chain could be the factor responsible for the difference in 
structure of the active sites of the T-state. The statement 
above is speculative, as we cannot produce hard evidence from 
the model, which links asymmetry of the active sites to 
asymmetry of the interfaces between regulatory and catalytic 
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chains. However, we do observe effects of the lost salt link 
for up to a distance of 15 A, one of the effects being the 
loss of a hydrogen bond between tryptophan 209 and aspartate 
203 of catalytic chain CI. Directed mutations at positions 
203 and 209 lead to remarkable effects on the kinetics of the 
enzyme (Smith et al., 1986b). The absence of the salt link 
arginine 130 - glutamate 204 may contribute to the 
conformational disorder in the side-chain of serine 131, a 
residue in proximity to histidine 134 and glycine 128 of the 
catalytic chain. A mutation that replaces glycine 128 with 
aspartate inactivates the enzyme (Wall and Schachman, 1979). 
Histidine 134 binds to the carbonyl of N-phosphonacetyl-L-
aspartate (Krause et al., 1987). Thus, available structural 
and kinetic data combined indicate a possible linkage between 
the active site and the salt link between glutamate 204 and 
arginine 130. 
On the basis of binding studies reported by Suter and 
Rosenbusch (1976), carbamoyl phosphate binds with a tenfold 
higher affinity to the hexameric enzyme than the free 
catalytic trimer. Furthermore, a partially reassociated form 
of aspartate carbamoyltransferase that has three regulatory 
dimers bound to one catalytic trimer (C^ Rg) has a higher 
maximum velocity than does the free catalytic trimer and a 
greater affinity for aspartate (Chan and Mort, 1973; Mort and 
Chan, 1975; Chan, 1975). Thus, the interaction of the 
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regulatory chain with the catalytic chain alone enhances 
catalytic activity and increases the affinity of the enzyme 
for substrates. The difference in kinetics between the 
catalytic trimer and C^ Rg may stem from the salt link between 
arginine 130 and glutamate 204 and the associated effects on 
the solvent structure of the phosphate cavity of the active 
site. The phosphate cavity of the catalytic trimer, then, may 
resemble the contracted pocket of the model, whereas the 
phosphate cavity of the R-state (and presumably C^ Rg) 
resembles the expanded pocket of the T-state. 
The salt link between arginine 130 and glutamate 204 may 
also play a role in allosteric control of catalysis. In the 
transition from T to R states, the salt link arginine 130 -
glutamate 204 breaks as the equatorial domain collapses onto 
the zinc domain of the regulatory chain (Krause et al., 1987). 
In the R-state, arginine 130 forms a new salt link with 
aspartate 200 of the catalytic chain (Ke et al., unpublished 
results). The alteration in the binding of arginine 130 is 
the single major conformational change over the entire 
interface between regulatory and catalytic chains of the 
hexamer. Allosteric effectors could exert an indirect control 
over the stability of the salt link of arginine 130 in the T 
and R states and thereby Influence events at the active site 
of the enzyme. The discussion above pertaining to the salt 
link is conjecture at present. However, the hypothesis is 
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testable by directed nutations of the regulatory and catalytic 
chains and additional studies In kinetics and X-ray 
diffraction. 
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